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Preface

In 1987, the U.S. Department of Energy (DOE) directed the Pacific Northwest Laboratory,
which is operatedby Battelle Memorial Institute, to conduct the HanfordEnvironmentalDose
Reconstruction(HEDR) Project. The DOE directive to begin project work followed a 1986
recommendationby the HartfordHealth Effects Review Panel (HHERP). The HHERP was formed to
consider the potential health implications of past releases of radioactivematerialsfrom the Hanford
Site near Richland, Washington.

Members of a Technical Steering Panel (TSP) were selected to direct the HEDR Project work.
The TSP consists of experts in the various technicalfields relevant to HEDR Project work and
representativesfrom the states of Washington, Oregon, and Idaho;Native American tribes; and the
public. The technical members on the panel were selected by the vice presidents for researchat
major universities in Washington andOregon. The state representativeswere selected by the
respective state governments. The Native Americantribes andpublic representativeswere selected by
the other panel members.

A December 1990 Memorandumof Understandingbetween the Secretariesof the DOE and the
U.S. Departmentof Health and Human Services (DHHS) transferred responsibility for managing the
dose reconstructionand exposure assessment studies to the DHHS. This transfer resultedin the
current contractbetween Battelle, Pacific Northwest Laboratories (BNW) andthe Centers for Disease
Control and Prevention, an agency of the DHHS.

The purpose of the HEDR Project is to estimate the radiation dose that individuals could have
received as a resultof radionuclideenfissions since 1944 from the HartfordSite. A majorobjective of
the HEDR Project is to deternfinepossible radiation doses resulting from radionuclides released to the
Columbia River.

The HEDR Project work is conductedunderseveral technical and administrative tasks, among
which is the EnvironmentalPathways and Dose Estimates Task. The staff on this task provide the
computercodes and dose calculationtools required for estimating doses to individuals who may have
been exposed to radioactive releases from the Hanford Site. The dose estimates are the primary
objective of the project. Doses calculatedfor the Columbia River pathway, the subject of this report,
are the result of work conductedon various other technical tasks. Estimates of radionuclide releases,
Columbia River transport,andenvironmental accumulationwere needed for calculation of radiation
doses. Doses are calculatedfor a numberof exposure pathways for the years 1944-1992. Doses are
presentedfor a series of locations on the ColumbiaRiver downstream from the Hanford Site.

This report includes a brief descriptionof the methods used to estimate doses to representative
individuals who ingested water, fish, or waterfowl from the Columbia River or who spent time
swimming in or boating on the river. The informationnecessary to calculate doses has been,!

documented in other reports published by the HEDR Project. These reports include information on
radionuclides released from Hartfordreactors (Heeb and Bates 1994), transportof radionuclides in
Columbia River water (Waiterset al. 1994), accumulationof radioactivity in aquaticorganisms



(Thiede et al. 1994) and dose calculationmethods andhuman exposure parameters(Snyder et al.
1994). This dosimetry reportis an updateof the dosimetry report published earlier (PNL 1991) but
is more complete and includes additionaldatacollected by the HEDR Project since 199I. The report
presented here fulfills HEDR Project Milestone 0705B.
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Summary
m

The purpose of the HanfordEnvironmentalDose Reconstruction(HEDR) Project is tO estimate
the radiation dose that individuals could have received as a result of radionuclideemissions since 1944

• from the HanfordSite. One objective of the HEDR Project is to estimate doses to individuals who
were exposed to the radionuclides released to the Columbia River (the river pathway). This report
documents the last in a series of dose calculations conducted on the Columbia River pathway.

The report summarizes the technical approach used to estimate radiation doses to three classes of
representative individuals who may have used the Columbia River as a source of drinking water,
food, or for recreational or occupational purposes. In addition, the report briefly explains the
approaches used to estimate the radioactivity released to the river, the development of the parameters
used to model the uptake and movement of radioactive materials in aquatic systems such as the
Columbia River, and the method of calculating the Columbia River's transport of radioactive
materials.

Potential Columbia River doses have been determined for representative individuals since the
initiation of site activities in 1944. For this report, dose calculations were performed using concep-
tual models and computer codes developed for the purpose of estimating doses. All doses were
estimated for representative individuals who share similar characteristics with segments of the general
population.

Scope of Work

Doses to representativeindividuals from reactor releases to the ColumbiaRiver have been
estimated and presentedfor the years 1944-1992. Detailed dose estimates are presentedfor three
types of representativeindividuals: a maximally exposed individual (ma=dmumrepresentativeindivid-
ual), a typically exposed individual (typical representativeindividual), and an individualexposed on
the job (occupationalrepresentativeindividual). Representativeindividuals are not intended to depict
any real individual, but to share the general life-style characteristics of broad segments of the
population. Representativeindividuals can thus provide a basis for evaluating and comparing doses to
large cross-sections of the affectedpopulation.

Dose estimates were calculated for the three representativeindividual types in 12 segments of the
Columbia River from the Hanford Site to the mouth of the river, and include ingestion of Willapa
Bay shellfish and salmon or steelbeadcaught in the river. Doses were calculated for five radio-
nuclides that together contributedover 94 percent of the total dose: sodium-24, phosphorus-32,

" zinc-65, arsenic-76, and neptunium-239. Doses in this report are presentedas the effective dose
equivalent and dose equivalent for the red bone marrow and lower large intestine.

" The doses from 1950-1971 have been found to be the largest because of radionuclide releases
during those years; thus, doses for this period are estimated with the greatest detail. However, to
provide a more complete dose history, additional dose calculations are also presented for 1944



through 1949. Measureddoses thatwere previously published in Hartfordannual environmental
reportsare summarized to complete the dose history for the years 1972 through 1992.

i

Technical Approach

Estimating doses to the representativeindividualsfrom the ColumbiaRiver pathway starts with
the source term estimate; i.e., an estimate of the radionuclidesdischarged from the eight single-pass
Hanfordproductionreactorsinto the ColumbiaRiver. Using information from the source term
estimates, concentrationsof the five key radionuclidesin the Columbia River water at several down-
stream locations are calculated by computer simulations of how the radionuclidesflow and are trans-
ported in the river. Once the radionuclideconcentrations are calculated at the various locations, the
effects of environmentalaccumulationcan be determined. Dose estimates can then be made for
representativeindividuals.

The computer codes used for the calculations simulate the reactor, the environment, and the
humancomponents. Uncertainty,sensitivity, andmodel validation analyses have been conducted to

. support this report. The uncertaintyanalyses helped determinethe precision with which dose
estimates can be made. The sensitivity analyses have determined the parametersand pathways with
the greatest contributionto uncertainty. Model validation compares the model estimates with actual
measurements of radionuclidesin the environmentat the time of the releases, demonstratingthe
degree to which the model estimates simulate the way events actuallyoccurred.

Results

Four separate Columbia River dose assessments have been conducted during the course of the
HEDR Project and are presented in PNL (1991), Waiters et al. (1992), Napier (1993), and this
document. All four efforts indicate that annualdoses to most individualsfrom river pathways are less
than a few millirem per year for any given year and for all locations. Only those individuals who
ingested large quantities of Columbia River fish could have received annualdoses in excess of one
hundredmillirem. A complete dose history for a maximum representative(i.e., maximally exposed)
individual at Richland, Washington, is shown in Figure S. 1. The cumulative dose for this represen-
tative individual during the 49-year period from 1944-1992 was estimatedto be 1500 millirem. The
period, 1950-1971, accountedfor most of the cumulative dose from the ColumbiaRiver pathway.
For the maximumrepresentativeindividual at Richland, approximately93 percent (1400 miUirem) of
the cumulative effective dose equivalent was receivedduring this period. The dose to the maximum
representativeindividual for all otheryears combined (1944-1949 and 1971-1992) was approximately
100 mfllirem. The doses calculatedfor locations near the HanfordSite (e.g., Ringold to Pasco) were
larger than those furtherdownriverby factors of 2 to 10, dependingon the month and whether the
individual was maximally exposed, typically exposed, or occupationallyexposed. The decrease in
dose to the downriver representativeindividuals was due to increased dilution and to radioactive decay
of key radionuclidesas they were being transportedin the river. Model validation has shown that the
estimated doses for the Tri-Cities area in Washington match well with the actual whole body
radioactivity measurementscollected duringthe 1960s.
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UncemJnty and sensitivity analyses were conductedto estimate the rangeof possible doses that
an individual could have received and the importanceof key model parameters. For the three types
of representativeindividuals at any location, the uncertaintyrange (minimum to maximum)of that
person's estimated dose is less than a factor of 10 when the diet is known. The parameters that
contributemost to the uncertainty in the estimateddose depend upon the type of individual and
exposure location. For example, the most sensitive parameters for a maximumrepresentative
individual at Richland, Washington, are the ingestion dose conversion factors (i.e., the factor that
translates an amount of a radionuclideingested i .to an amountof radiationdose) for zinc-65 and
phosphorus-32and the holdup times (i.e., time between catch and consumption) for fish caught in the
river. For a typical representativeindividual at the same location, the uncertainty in dose is
controlled by the uncertainty in the holduptime and the efficiency of the water treatmentfacility in
removing radionuclidesfrom drinking water. The uncertaintyin dose estimates for locations farther
downriver is controlled almost entirely by the uncertaintyof the ingestion dose conversion factors.

Several documents have been publishedby the HEDR Project that support the material presented
in this report. Readerswho are interested in more detail on a particularsubject should consult the
references listed in Table S. 1.

Conclusions

• Reliable and useful doses and their uncertaintieshave been reconstructedfor possible exposures of
presentative individuals from historical releases of radioactive materials from the Hanford Site.

• The most importantmeans of exposure via the river pathwaywas consumptionof resident fish.

• The most importantcontributors to dose were zinc-65 and phosphorus-32, respectively, released
from the single-pass reactors.

• The highest estimated dose was from residentfish caught in the ColumbiaRiver at Ringold,
downstream of the Hanford reactors.

• The highest estimated dose was to an adult consuming40 kilograms (90 pounds) of residentfish
from the Columbia River at Ringold (median dose of 140 millirem to the whole body for 1960).

• The highest estimated dose to a typical adult was accumulatedduring the 1956-1965 time period
with 1960 being the highest year (median dose of 5 millirem) at Pasco, Washington..

• The most importantcontributorsto uncertaintyin the dose estimates were the dose factor and the
bioconcentrationfactors, respectively.

• Representativeindividual doses included in this reportallow individuals using the Columbia
River commercially, for recreation, or as a source of wateror foods to estimate their doses.
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Table S.1. Key Sources of Informationfor the ColumbiaRiver Pathway

I III

• Type of Information HEDR Project Document

GeneralProject Planning Shipler, D.B. 1993. Integrated Task Plans for the Hartford
" Dose Reconstruction Project, June 1992 Through May

1994. PNWD-2187 HEDR, Battelle, Pacific Northwest
Laboratories,Richland, Washington.

RadionuclideReleases to the Heeb, C.M., andD.J. Bates. 1994. Radionuclide Releases
Columbia River to the Columbia River from Hanford Operations, 1944-

1971. PNWD-2223 HEDR, Battelle, Pacific Northwest
Laboratories,Richland, Washington.

RadionuclideTransportin the Wakers, W.H., M.C. Richmond,and B.G. Gilmore.
Columbia River 1994. Reconstruction of Radionuclide ConcentratLonsin

the Columbia River from Hanford, Washington, to
Portland, Oregon, January 1950-January 1971. PNWD-
2225 HEDR, Battelle, Pacific Northwest Laboratories,
Richland, Washington.

EnvironmentalHistorical Thiede, M.E., D.J. Bates, E.I. Mart, andR.W. Hanf.
MeasurementsRelated to the 1994. A Guide to Environmental Monitoring Data, 1945
Columbia River through 1972. PNWD-2226 HEDR, Battelle, Pacific

Northwest Laboratories,Richland, Washington.

Denham, D.H., R.L. Dirkes, R.W. Hanf, T.M. Poston,
M.E. Thiede, and R.K. Woodruff. 1993. Phase I
Summaries of _onuciide Concentration Data for
Vegetation, River Water, Drinking Water, and Fish.
PNWD-2145 HEDR, Battelle, Pacific Northwest
Laboratories,Richland, Washington.

Wakers, W.H., R.L. Dirkes, and B.A. Napier. 1992.
Literature and Data Review for the Surface-Water
Pathway: Columbia River and Adjacent Coastal Areas.
PNWD-2034 HEDR, Battelle, Pacific Northwest
Laboratories,Richland, Washington.

iiim i lll iii i

Methodology for Calculating Doses Shipler, D.B., and B.A. Napier. 1994. HEDR Modeling
. Approach. PNWD-1983 HEDR Rev. 1, Battelle,.Pacific

NorthwestLaboratories, Richland, Washington.iii
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Table S.l. (contd)

llr' ,,,,

TypeofInformation HEDR ProjectDocument

EquationsandParameterValues Snyder,S.F.,W.T.Farris,B.A.Napier,T.A.Ikenberry,
Used in Environmental and R.O. Gilbert. 1994. Parameters Used in the .
Accumulation and Dose Environmental Pathways and Radiological Dose Moduies
Calculations (DESCARTES, CIDER, and CRD Codes) of the Hanford

Environmental Dose Reconstruction Integrated Codes
(HEDRIC). PNWD-2023 HEDR Rev. 1, Battelle, Pacific
NorthwestLaboratories,Richland,Washington.

l lu i i i i i i i ,,,.=. i i

Methods for ConductingModel Simpson, J.C., and ].V. Ramsdell, Jr. 1993. Uncertainty
Uncertaintyand Sensitivity and Sensiti_ty Analyses/'/an. PNWD-2124 HEDR,
Analyses Battelle, Pacific Northwest Laboratories,Richland,

Washington.
i i i

Previous HEDR Dose Estimates for Napier, B.A. 1993. Determination ofKey Radionuclides
the Columbia River Pathway and Parameters Related to Dose from the Columbia River

Pathway. BN-SA-3768 HEDR, Battelle, Pacific Northwest
Laboratories,Richland, Washington.

Waiters, W.H:, R.L. Dirkes, andB.A. Napier. 1992.
Literature and Data Review for the Surface-Water
Pathway: Columbia River and Adjacent Coastal Areas.
PNWD-2034 HEDR, Battelle, Pacific Northwest
Laboratories,Richland, Washington.

PNL - Pacific Northwest Laboratory. 1991. Columbia
River Pathway Report: Phase I of the Hanford
Environmental Dose Reconstruction Project. PNL-7411
HEDR Rev. 1, Pacific Northwest Labcrratory,Richland,
Washington.

i i i |a

Validation of HEDR Models Napier, B.A., J.C. Simpson, F.W. Eslinger,
J.V. Ramsdell, Jr., M.E. Thiede, andW.H. Waiters.
1994. Validation of HEDR Models. FNWD-2221 HEDR,
Battelle, Pacific Northwest Laboratories,Richland,
Washington.
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Glossary

anadromous - fish that live part of their lives in fresh water and part in salt water, living in the
ocean, spawning in fresh water.

bioconcentration factor - ratio between the radionuclideconcentrationin biota to the radionuclide
concentration in the water in which they live and teed.

biota- plants and animals.

body burden - amount of a given radionuclidein humans, typically measured in nanocuries.

box'plot - graphicalrepresentationof the distributionof values in which a box shows the middle
50 percent of the distributionand the "whiskers" indicate the lower and upper5 percentof the
distribution.

CHARIMA - CHArriage des RIvieresMAiliees, computercode that models sediment transportin
multiple channel river systems.

Ci - abbreviationfor curie.

code - computer implementation(program)of equations.

composite sample - sample composed of small portions collected from several locations or from a
single location over an extendedtime period.

concentration - amount of a specified substance (e.g., a radioactiveelement) in a unit amountof
another substance (e.g., river water).

confidence interval - statistical range with a specified probabilitythat a given parameter lies within
the range.

CRD - Columbia River Dosimetry, computer code used to estimate doses to individuals.

curie - unit of radioactivity corresponding to 3.7 x 101°(37 billion) disintegrations per second
(abbreviatedCi).

deterministic - estimationmethod where a single-point estimate is calculated (contrast with
• "stochastic").

dose - radiation dose; often distinguished as absorbed dose, dose equivalent, or effective dose
• equivalent.

absorbed dose - amount of energy deposited by radiation in a given amount of material, such as
tissue; measured in rad.
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dese equivalent - quantitycalculatedto comparerelative biological effectiveness of different
kinds of radiation,using a common numericalscale; determinedby multiplying absorbeddose
by a quality factor and other modifying factors; measured in rem.

effective dese equivalent (EDE) - quantity that is the sum of 1) the committed effective dose
from internaldeposition of radionuclides in the body and 2) the effective dose from external
radiation received during a particularyear; measured in rem.

dese fKter - factor that describes the amountof radiationdose received from a given intakeof
radioactivity.

effluent plume - spreadof contaminants in air, surfacewater, or ground water released from a point
so_trce_

empirical - results obtained by relying on observationor experiment.

f'n_t-order predator - fish that consume other fish; includes perch, crappie, punkinseed, and bluegill.

fuel element - aluminum-cladrod used in Hanford reactors.

fuel-element failure - ruptureof a fuel element, leading to an usually high radioactivecontamination
of the cooling water.

grab sample - sample collected from a single location at a specific time.

gress beta - total activity of beta-emittingradionuclides that could not be distinguishedseparately by
instnunentationand did not include volatile beta-emittingradionuclides.

haif-Ufe - time requiredfor an initial numberof radioactive atoms to be reduced to half that number
by transformations.

histegram - bar graph of a frequency distribution in which the widths of the bars are proportionalto
the classes into which the variable has been divided and the heights of the bars are proportional to the
class frequencies.

isotepe - one of two or more atoms having the same atomic number but differentmass numbers.

IJA - lower large intestine.

mean - averagevalue of a set of numbers.

median - middle value in a series of values arrangedin order of size.

nmdel -conceptual representationof physical/biological processes.

nmdules - sections of a computer code.
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Monte Carlo technique - method thatrepresents the effect of uncertaintyin one or more contributing
parameterson the overall uncertaintyby randomlysamplingdistribution functions which express

. parameter uncertainty.

mrad - millirad, one-thousandthof a rad.

mrem - miUirem, one-thousandth of a reln.

ueutren flux - rateof neutronbombardment.

onmivore - fish that eat both plants and animals; includes bullheads, catfish, suckers, whitefish,
chiselmouth, chub, sturgeon, minnows, and shiners.

picocurie - one-trillionth of a curie.

process tube - aluminumtube that held the uraniumfuel elements and cooling waterin Hanford
r_rs.

rad - radiation absorbed dose, unit of measurementused to describe absorbeddose.

radionuclide - isotope of an element that exhibits radioactivity.

RBM - red bone marrow.

realization - particularpass througha Monte Carlo simulation in which all stochastic parametershave
been assigned a value; the simulation represents a "possiblereality."

rein - roentgen equivalentman, unit of measurementused to describe dose equivalent.

represeatattve individuals - individualssharing similar characteristics significant to estimating dose;
in this report, three types of representativeindividualsare defined: maximum, occupational, and
typical.

muxinammrepresentative individm,I - significant user of the ColumbiaRiver who spent time in
or on the river and ingested maximumor near maximumamounts of fish and waterfowl.

occupational representative individual - individualwho was exposed to the Columbia River
only in the course of work and ingested salmon and shellfish but no residentfish.

. typical repretentative individual - individual residing nearthe Columbia River who ingested no
resident fish or waterfowl.

. second-order predator - predatoryfish that consume other fish; includes bass, trout, and squawfish.

sensitivity - determinationof the parameters and pathways that contribute most to uncertainty in
calculations.

s,o

%111



single-pass reactor - plutonium-productionreactorsthatdid not recirculateColumbia River water but
insteaddischarged it directly throughretentionbasins to the Columbia River.

8

source term - amount of radioactivity(curies) of a radionuclidereleasedto the environmentfrom a
facility at a given time.

stochastic - method of estimating possible values by using a range of possible input parameters to
arriveat a corresponding range of possible results (contrastwith "deterministic").

STRRM - Source Term River Release Model, computercode that provides estimates of monthly
releases of radionuclidesfrom Hanford reactors to the Columbia River.

WDsmim'on factor - amountof radioactivitythat remainsafter municipalwater treatment.

uncertainty - measureof the precision with which dose estimates can be made.

validation - model validation; comparison of estimatedvalues to historical measurementsas a test of
the reliability of the model estimates;successful model validation makes credible those values that
need to be estimated when no historical measurementsare available.

WSU-CHARIMA - Washington State University modified CHARIMA computer code; modification
allowed for radionuclidedecay.
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1.0 Introduction

The HanfordSite in southeasternWashingtonState was selected in 1943 as the location for the
facilities used to produce plutoniumfor atomicbombs duringWorld WarII. Three plutonium

" production reactors (B, D, and F) began operatingin 1944 and 1945. These reactors withdrew water
from the Columbia River and, after extensive treatment,used that water to cool the core of the
reactors. This water was tirst discharged to retentionbasins and then, after a holdup time, discharged
directly to the ColumbiaRiver. These reactors were called "single-pass"reactorsbecause they
discharged effluent cooling water directly to the river ratherthan recirculatingit. After the end of
World War H in 1945, the reactors continuedto be used to produce plutonium. From 1949 through
1963, six new reactors (H, DR, C, KW, KE, and N) began operating. The N Reactordiffered in
design from the earlierreactors in that cooling waterwas recirculatedthrough the reactorcore instead
of being discharged directly to the Columbia River. Radionuclideemissions from the N Reactorwere
not studied as partof this effort. However, doses from the N Reactorare included in the dose
estimates presented in this report.

The availability of relatively pure Columbia River water for cooling was one of the reasons for i
locating plutonium production at the HanfordSite (Groves 1962). The use of river water to cool the
reactors resulted in the release of radionuclidesto the Columbia River. Releases of radionuclidesto
the ground from nuclearfacilities in the Hanford200 East and West areas resulted in smaller releases
to the Columbia River (Freshley andThorne 1992). The B Reactorwas shut down by 1968. By
January1971, all of the other single-pass reactors hadbeen shut down as well, leaving the N Reactor
the only plutonium-productionreactor operating at the HartfordSite. The N Reactor was shut down
in 1987.

Individualswho drankwater from the Columbia River, ate food affected by the river, or used
the river for recrestional or occupational purposes would have received a radiationdose from Hanford
emissions. The magnitudeof that dose depends on the amountof individualuse of the river and on
the particularyear that use occurred. Doses may have also been received by individuals who did not
directly access the Columbia River. Some dose could have been acquired by the ingestion of salmon,
whose migration route was the Columbia River but which were caught in the Pacific Ocean, and the
ingestion of oysters from Pacific Ocean estuaries nearthe Columbia River.

A feasibility study for the Columbia River pathway was conducted in 1991 to determine if a
retrospectiveassessment of the ColumbiaRiver pathwaywas possible and to determine the magnitude
of possible radiation doses. The scope of the feasibility study was narrowand included limited time
periods andlocations. The general findings of the feasibility study were that sufficient historical
informationcould be retrieved and reconstructed, computer models for dose assessment could be
developed, and the modeling approachcould produce credible dose estimates (PNL 1991).

1.1 Purpese

The purpose of the HanfordEnvironmentalDose Reconstruction (HEDR) Project is to estimate
the radiation dose that representativeindividualscould have received as a result of radionuclide
emissions since 1944 from the Hanford Site. This dose assessment effort expands and refines the
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modeling approachused in the feasibiliW study dose assessment (PNL 199I). The time period
covered in the feasibility studywas expandedfrom 1964-1966 to 1944-1992 in this study. The
numberof feasibility study locations covered was also expandedfrom 5 locations between the reactors
and McNary Dam to 12 locations from the reactorareas to near the mouth of the Columbia River. In
additionto expanding the time periods and locations, several refinementswere made to the feasibility
study approach. These refinements were recommendedby the HEDR Technical Steering Panel (TSP)
and include a more detailed estimate of radionuclidereleases from the reactors, an enhancedriver
transportassessment, and a more complete collection of historical measurements.(a) In general, no
changes were made to the fundamentalmethodsused to estimate the feasibility study doses.

1.2 Scope

This reportestimates the doses that could have been received by three types of representative
individuals as a result of radionuclidereleases from Hartfordproduction reactorsto the Columbia
River from 1944-1992: maximally exposed individual (referredto in the report as a maximum repre-
smtative individual), a typically exposed individual (typical representative individual), and an
occupationallyexposed individualwho was not a worker at the Hanford Site (occupational represen-
tative individual). Detailed dose estimates for five radionuclides (sodium-24, phosphorus-32,
zinc-65, arsenic-76, andneptunium-239) for the time period of largest releases (1950-1971) were
estimatedon a monthly basis for the three types of representativeindividuals. The dose estimates are
basedon radionuclideconcentrations in 12 distinctsegments of the ColumbiaRiver and include
ingestion of WillapaBay shellfish and salmon andsteelhead from anywhere in the river. Radiation
doses were much lower during 1944-1949 and 1972-1992. In order to show relative dose, this report
provides annualdoses for a maximumrepresentativeindividualat the highest impact location during
these years.

1.3 Previewof Report

Section 2.0 summarizes the data quality objectives for estimatingradiation doses. Section 3.0
describes the technical approachused in calculating the dose to individuals from the ColumbiaRiver
pathway. This section includes a discussion of the source term, river transport, environmental
accumulation,anddose assessment procedures. The equations used to estimate dose are also
presented in this section. Sample doses for 1944-1992 are presented and discussed in Section 4.0.
Section 5.0 includes a discussion of model reliability, including parameteruncertaintyand sensitivity
analysis and validation studies of the models. Conclusions are presented in Section 6.0. A detailed
table showing doses to representativeindividuals for January 1950 throughJanuary 1971 is included
in the Appendix.

i i i ii,

(a) M_m (HBDR Projeet Document No. 11920015), "Reoommendationsfor Further River Pathway Work,
P3'93," from P.C. Kliasenum (TSP) to TSP Mmaberaand D.B. Shipler (BNW), September 28, 1992.
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2.0 Data Quality Objectives
i,

The dataquality objectives (DQOs) for estimatingradiationdoses from the Columbia River
pathway are defined in Shipler (1993). The doses calculated andpresentedin this document are based
on the dataprovided by other tasks andsubtasks in the HEDR Project. The DQOs developed by
other tasks bear on the overall quality of the estimateddose. The DQOs for the other HEDR tasks
are also presented in Shipler (1993).

2.1 Accuracy

The accuracyobjective is to estimatedoses using models that have been evaluated and refined by
validation studies and sensitivity/uncertaintyanalyses. Doses presented in this documenthave been
estimatedby using models and derived computercodes that have been tested,for numerical accuracy
as well as for their ability to generate resultsthat comparewith historical measurements. The
validation of all the HEDR models is documentedin Napier et al. (1994). That reportstates that; in
general, the comparisons show relative agreementandthat most of the calculated results show order-
of-magnitudeagreementwith the historical measurements. The final determinationof accuracy has
been madeby HEDR Project andTSP review of this reportand of Napier et al. (1994). Uncertainty
and sensitivity analyses were conducted to estimate the range of possible doses and to determine those
parameters that contributemost to the uncertainty in doses.

2.2 Precision

The precision objective is to quantifythe precisionof dose estimates for a real individual by
conductinguncertainty analyses using estimatedparameteruncertaintiesand appropriateerror
propagationprocedures. The uncertainty analyses were conductedusing random-sampling techniques
that have been approved by the TSP. The results of the analyses are presentedin Section 5.0 of this
report. The final determinm'onof precision has been madeby project and TSP review of this report.

2.3 Completeness

The HEDR modeling approach, developed by Shipler and Napier (1994), was used to estimate
doses based on the quality and abundanceof historical dataavailable for source term and
environmentaltransport radionuclidemeasurements. The doses presented in this report cover the
history of HartfordSite operations from 1944 through 1992. The potential doses from 71 radio-
nuclides were investigated by Napier (1991b), and Napier 0993) furtherevaluated 19 radionuclides
identified as majorcontributors to radiationdose. Five radionuclides, contributingover 94 percentof

• the total dose, were included in the final dose calculations. None of the other radionuclides contri-
butedover 2 percentof the total dose. Also, six additionalradionuclides were included in source
term estimates because they were needed for river transport validation or were of particular interest to
the TSP. Napier and Brothers (1992) evaluated theexposure pathwaysto be included in the final



dose calculations andpresentedrecommendationsto the TSP based on "value of information."
Pathwaysdeterminedto be minor contributors to dose were not included in the final calculations.
The estimateddoses include doses received along 12 segments of the Columbia River downstreamof
the Hanford Site in additionto doses from the ingestion of shellfish from the coastal waters of the
Pacific Ocean andsalmon and steelhead from anywherein the river.

2.4 Representativeness

The representativenessof dose estimates was determinedby comparingenvironmentalhistorical
measurementswith the estimates of the HEDR models. The doses presentedin this documenthave
been converted to body burdenestimates and compared, where possible, to measured human radio-
nuclide body burdens. This comparison is documented in Napier et al. (1994), and a brief summary
is presentedin Section 5.0 of this report. In general, estimated body burdens were within the range
of measuredvalues.

2.5 Comparability

A comparison of the estimated doses presented in this report has been made with doses
calculated earlier in the HEDR Project and is presentedin Section 4.1.6. The doses are comparable
to other doses calculatedby the HEDR Project andother investigators. Estimateddoses were also
compared with doses presented in annualenvironmentalreports producedby Hanfordcontractors
since 1957. Again, the doses presented in this report are very similar to the doses presentedin the
earlier annualmonitoring reports. The small differences in doses were primarilydue to different
assumptionsregarding internal dosimetry or hunum ingestion values. When similar assumptionswere
made, the estimated doses are nearly identical.
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3.0 Technical Approach

This section outlines the technical approachused to estimate radiationdoses to individuals who
may have used the ColumbiaRiver as a source of drinkingwateror food or who may have used the

" river for recreationalor occupational purposes. The section briefly addresses the approach used to
estimate the quantityof radioactivityreleased to the river, the transportof radioactive materialsby the
Columbia River, and thedevelopment of parametersto simulate the uptake and movementof
radioactivity in aquaticsystems. These methodsand parameters are described in much greater detail
in Heel>and Bates (1994), Waiters et al. (1994), Snyder et al. (1994), andThiede et al. (1994).

and Modeled Dose Eattnmtm. The first steps in estimatingdoses involve deter-
mining the radionuclideconcentrationsof the Hanfordreactoreffluents that were discharged into the
river. These concentrationscan then be analyzedto determineradionuclide concentrations in various
sections of the ColumbiaRiver downstream from Hanford. These data are available in the form of
historical measurementsor throughcomputersimulation. Once the radionuclideconcentrations in the
river at selected locations are known, the effects of environmentalaccumulationin aquaticbiota and
use,of the river by humanscan be estimated. Doses can then be estimatedusing food consumption
and lifestyle inform_on for representativeindividuals. Figure 3.1 outlines the computermodeling
process for the Columbia River pathway.

Because it was not possible to estimate dose for the Columbia River pathway based entirely
upon historical measurements, the TSP determinedthat modeling was the preferredmethod for
estimatingdose.() Thus, all steps in the dose estimationprocess, from source term determination
to dose assessment, involve the use of computermodels. These models are required for two reasons:
1) measurementsof radionuclideconcentrationsin importantenvironmental media (i.e., water,
resident fish, salmon, andshellfish) do not exist for all necessary locations and time periods (Napier
and Brothers 1992; Waiterset al. 1992; Denham et al. 1993) and 2) environmental monitoring during
later years yielded radioactivity measurements below the detection limit of the measuring
instrumentation. Napier and Brothers (1992) investigatedthe level of detail in modeling and
recommendedthe use of historical measurementssupplementedby modeling.

The TSP furtherrecommended(a) that most dose estimating effort be expended for the years
from 1956-1965 (the period during which radionuclide releases to the ColumbiaRiver are known to
have been highest) and that the effort expended to estimatedoses for the periods prior to 1955 and
after 1965 be appropriateto the releases.

Dominant Radionudides/Pa_ways. Selection of radionuclides and pathways for detailed
examinationwere first addressed by Napier (1991b), who rankedthe doses from 71 radionuclides
identified in detailed measurementsmade in 1956, 1964, and 1968, plus those estimated to be
released during fuel failures. The pathways addressedwere drinkingwater, recreationon or near
contaminatedwater (swimming, beating, or shoreline activities), and consumption of fish. Also

• addressed were pathwaysfrom irrigationwith contaminatedriver water, including consumptionof

(a) Memorandum(HEDR ProjectDocumut No. 11920015),"Recommendationsfor FurtherRiver PathwayWork,
FY93," from P.C. Kiingeman(TSP) to TSP Members and D.B. Shipler (BNW), September28, 1992.
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irrigatedproduce and animalproducts, exposure to soils contaminatedby the water, andinhalationof
resuspendeddusts from such soils. Of the radionuclidesoriginally investigated, five were identified as
importantfor their potential radiationdose (phosphorus-32,copper-64, zinc-65, arsenic-76, and
neptunium-239)with four more considered to be of marginal importance (sodium-24, scandium-46,
chromium-51, and manganese-56) (Napier 1991b, p. vii). The irrigation-relatedpathways were

- shown to be of secondary importance.

In addition, Freshley andThorne (1992) evaluatedthe contributionof radionuclides to the
ColumbiaRiver via groundwaterfrom the HanfordSite. This investigation dealt with potential doses

via the river pathways as defined in Napier (1991b), as well as the potential doses from riparian wells
(Freshley andThorne 1992, pp. 8.1-8.6) and offsite wells (Freshley and Thorne 1992, pp. 6.81-
6.84). The general conclusion of this reportwas that these sources contributed minimal amountsto
individualdose.

The model design specification in the HEDR feasibility study (Napier 1991a) considered the
results of the previous two studies, and included in the feasibility studycalculations eight
radionuclides (allthose suggested in Napier [1991b] except scandium-46, which was omitted because
of lack of data andmarginal significanceto dose) andall of the direct river pathways of drinking,
recreation,and fish consumption. The doses resulting from this modeling were presentedin the
Columbia River Pathway Report (PNL 1991, p. 2.13).

The TSP adopted "dose decision levels," the lower thresholdvalues below which researchefforts
to define dose should be minimized.(a) These were incorporatedinto the HEDR Modeling Approach
(Shipler andNapier 1992, p. 17) for the Columbia River pathway, by stating, "If, upon
consideration, it is determinedthat any given pathwayhas the potential to add more than 5 % to the
total dose for any individualat a time when the dose exceeds the TSP guidelines, it will be...added to
the main models.... "

Waiterset al. (1992, Section 10) re-investigatedall majorriver-relatedexposure pathways. The
pathwayof consumptionof residentfish was again found to dominatethe results. Consumptionof
anadromousfish was noted to be a lesser contributor. The irrigation-relatedpathways were again
shown to result in small doses. Napier and Brothers (1992) combined the results of the Waiterset al.
(1992) dose analysis, the TSP dose decision levels, and a value-of-informationanalysis to provide a
set of recommendationsto the TSP for furtherwork. Napier and Brothers (1992, pp. 6.1-6.6) recom-
mended that the pathways related to irrigation, shoreline exposure, andinhalationbe dropped,
because they contributedonly small amounts to the total dose. They recommendedincluding resident
fish, anadromous fish, waterfowl, oysters, drinking, and swimming/boating pathways in the final
calculations.

A set of interim source terms was madeavailable by efforts of TSP member, M. A. Robkin, in
early 1993. Napier (1993) addressed the pathways recommended in Napier and Brothers (1992) using
this source term data. As a resultof this computation, the final selection of five radionuclides

(_) Unpubligted report (Hi]DR ProjectDocument No. 12910094), "SoopingDocument for Determinationof Temporal
and Geographiz Domaim for the HEDR Project,"by B. Shleien ('rsP), adoptedby the TSP at meeting on
February20-22, 1992, p. 9.
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(sodium-24, phosphorus-32, zinc-65, arsenic-76, andneptunium-239)was made.(a) This scoping
study also provided supportingdata for the selection of the locations for which doses are reported
(Napier and Brothers 1992). Napier (1993, Appendix B) also provided a summaryof doses presented
in all HanfordSite annual environmentalmonitoring reports from 1956 through 1972. These
summaries helped define the time period for which calculations are made.

.,

Thus, the five key radionucltdes used as input to the dose calculations were sodium-24,
phosphorus-32, zinc-65, arsenic-76, and neptunium-239. Although it did not contributesignificantly
to dose, chromium-51 was used for validating the modeling of the river transportof radionuclides
because it was virtually always present in detectableconcentrations. For the sake of completeness,
the source terms for manganese-56, gallium-72, yttrium-90, iodine-131, and gross beta were also
estimated even though these radionuclides did not contribute significantly to dose.

Section 3.1 explains the "sourceterm" model used for determining the radionucUdeconcentra-
tions at their point of Qrigin;i.e., as they entered the Columbia River at Hanford. The section also
includes an explanationof the physical mechanismsby which the radionuclides entered the river alld
which radionuclideswere chosen for inputto other models that estimate transportdown river, concen-
trations in foods affected by the Columbia River, and finally the doses experiencedby persons
exposed through various pathways. The following subsections explain the methods used in the trans-
port, concentration, and dose assessment models (Sections 3.2, 3.3, and 3.4, respectively).

3.1 Source Term Model

The possible consequenceof radionuclidereleases to individualshas been addressed by starting
with estimates of the amount andtiming of those releases (i.e., the source term). Determining the
source term is necessary when concentrationsof radionuclides in environmentalmedia are too low to
be measuredor when monitoring was not comprehensiveenough to address all radionuclides,
locations, and exposure pathways. Source term release estimates were derived from the large amount
of information that exists in government-and contractor-generateddocuments, plus articles in various
technicaljournals concerning radioactive releases to the Columbia River from Hanford reactoropera-
tions. The HEDR Project has produced radionuclideestimates on a monthlybasis for 11 radio-
nuclides, plus gross beta activity, over the entire period of single-pass reactor operation, 1944-1971
([-Ieeband Bates 1994).

Source term estimationcovers the radionuclidesreleased during the operation of the eight
HanfordSite single-pass production reactors: B, C, D, DR, F, H, KE, and KW. N Reactor, which
recirculatedthe primarycooling water within its core anddid not discharge directly to the river, was
not included in the scope of Heel) and Bates (1994). N Reactor releases are, however, included in the
Hartfordannualreport doses presentedin this report.

(a) Letter (HEDR Project Document No. 07930232), "Key Radionuclidesfor River Pathway," from J. E. Till (TSP) to
D. B. Shipler (BNW), April 12, 1993.
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The infornmtionused to reconstructradionuclidereleases to the Columbia River comes from
measurementsof radionu¢lideconcentrationsin reactoreffluent before the effluent was dischargedto
the river. The reconstructionalso dependson a quantitativereconstructionof reactoroperations to
deternflnethe amountof radioactivematerialsproducedby the reactors. This reconstructionhas been
accomplished and documented by Heeb and Bates (1994). The informationwas obtainedfrom

. monitoring records of Hanfordeffluent. Although such datawere plentiful, the numberof
radionuclidesthat were monitored and the time periods covered were limited. The data in the
historicaldocuments are generally reportedon a monthly basis. Although some informationdoes
exist on daffy reactor operations, the information does not cover the entire 1944-1971 time period.
Therefore, Heel>andBates (1994) present source term information by the month. This approachhas
been deemed adequate for estimating annualdoses. Wheregaps in information occur, reasonable
estimates of the missing historical measurementswere suppliedby using statistical analysis of
availableeffluent measurements together with Monte Carlouncertaintymodeling.

3.1.1 Mechanism for Source Term Releases to River

Radioactive materials generatedat the HanfordSite were produced primarilyby fission of
uraniumin the reactors, activationof nonradioactivematerials, and by fission and activation of
naturallyoccurringuranium-238 in reactorcoolant water duringreactoroperations.

Waterfrom the Columbia River was pumped into a water treatment plant where chemicals were
added to adjust the pH, decrease turbidity,and inhibitcorrosion of the supply piping andreactor
process tubes. The processedriver water was then filtered, held in clear wells, and pumped into
l_-ge holding tanks. From the tanks, it was pumped to the reactorinlet to be used as reactorcooling
water.

The cooling water passed from the inlet piping into the gap between the fuel-element surface and
the process tube. During its brief passage throughthe reactor core region (1 to 2 seconds), water at
the inlet river temperature(0 to 20°C) was heated to over 100°C in the highest-poweredtubes. The
cooling water was also subjected to a neutron flux of between 1013and 1014neutrons per square
centimeterper second. This neutron flux caused trace impurities in the cooling waterto be converted
into radioactive species. This process is called neutron activation and accounts for the bulk of the
radioactive emissions to the Columbia River. The hot effluent water (bulk temperatureas high as
95°C) was discharged from the reactorinto external retentionbasins located near the ColumbiaRiver.
After cooling themmily and allowing time for the shortest-livedradionuclides to decay, the basin
water was discharged to the Columbia River. The capacities of the retentionbasins were designed to
allow a nominal holdup time of 2.4 to 4 hours. With design modific_ttionsto increase reactorpower
in 1957, however, the reactorbulk flows in the B, D, DR, F, and H reactors were increased to
almost three times the original designed flows. This resultedin holdup times nearerto 1 hour, which

• decreased the time allowed for radioactive decay.

As reactoroperation continued, films of oxides and entrained materialsbuilt up on both process
tubes and fuel elements. Beginning in 1945, slurries of abrasive diatomaceous earth were injected
into the inlet cooling waterduringfull power operation. This material mechanically removed some of
the film from fuel elements andprocess tubes. These purg_ continued until final shutdown in 1971.
Because the film being removed containedradionuclides, purges resultedin temporarily increased
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radioactivedischarges to the ColumbiaRiver. However, radionuclidereleases to the river during
diatomaceous earthpurges have been determinedto be minor compared to releases from routine
operations, fuel-element failures, andactivation of corrosion products in the process tubes (Heeb and
Bates 1994).

Hartfordexperienced nearly 2000 fuel-element failures in the eight single-pass reactors. A fuel-
element failure occurred when the aluminumcladding was breached, allowing coolant water direct
access to the irradiateduranium. The result was a release of fission products and bred actinides to
the effluent water. Every attemptwas made to remove the fuel element with the failure as soon as
possible. The reactor was shut down as soon as a fuel-element failure was indicated. For purposes
of the HEDR Project, informationon the reactor,date, andclassification of each failure was extracted
from Hartfordreports. This information was used to estimate the release contributionsof iodine-131
andneptunium-239 from fuel-element failures. These two radionuclides, the first a fission product
andthe other a neutron captureproduct of uranium-238,were widely used as indicatorsof fuel-
element failures. Heel) andBates (1994, pp. 4.27 and 4.29) estimatedthat 44.9 percentof the
iodine-131 and 11.9 percent of the neptunium-239releases came from fuel-element failures. Most of
the iodine-131 and neptunium-239 resulted from naturaluranium in the Columbia River water.

3.1.2 Radlonucllde Release Estimates

Figure 3.2 shows the annualreleases of the five key radionuclidesused for dose calculations.
These totals (in curies/year) are the median values of 100 stochastic realizations (Heeb andBates
1994). Monte Carlo stochastic modeling was used to estimate uncertaintiesin the source term release
estimates. The estimates of radionuclidereleases to the Columbia River include the calculated
radionuclidedecay from the time of release from the reactorsto the time of actualdischarge to the
river. A complete descriptionof the source term uncertaintyis presented in Heeb and Bates (1994).

Figure 3.3 shows the activity of the five key radionuclidesthat existed throughout the Columbia
River and adjacent area in the Pacific Ocean. Because of the very short (15-hour) half-life of
sodium-24, no more than 3500 curies of sodium-24 were ever detectedat any time, even though
nearly 1,400,000 curies were released during 1960 alone. Conversely, almost 80,000 curies of
zinc-65, the most long-lived of the five radionuclides, existed (mainly in the Pacific Ocean) during the
highest year of 1962, although no more than 56,000 curies of this radionuclidewere ever released in
one year. The effect of radioactive decay is demonstratedby Figures 3.2 and 3.3. The amount of
radionuclidesreleased does not correlate to radiationdose.

3.2 River Transport Model

A computer model of the flow and transport of ColumbiaRiver waterwas used to provide
monthly averageconcentrations of radionuclidesat specific locations along the river. The model,
documentedby Waiters et al. (1994), estimates the radioactivity in the Columbia River afterthe river
received cooling water effluent from the eight Hanfordsingle-pass reactors. The reconstructionof
historical water concentrations is limited to the area downriver from the reactors where the cooling
water was returnedto the river. Specifically, the concentrations of radionuclidesare estimated from
Priest RapidsDam downstream to just below Portland, Oregon. Within that length of river, the TSP
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selected 12 locations where radionuclideconcentrationswere to be reconstructed,beginning with
January1950 and extending throughJanuary 1971.(0 Fillure3.4 shows the domain of the
Columbia River pathwaycomputer model, including the Columbia River, the Hanford Site, and the
locations used for reconstructionof radionuclideconcentrations.

3,2.1 Development of the Columbia River Transport Conceptual Model

An extensive Columbia River literaturereview was conducted andreportedin Waiterset ai.
(1992). That reportprovides a brief description of reactoroperations, effluent water composition,
and routine andaccidentalradionuc!idereleases. The reportalso discusses special studies conducted
by Hanford contractors of reactor effluentplume dispersion, shoreline radiationsurveys, and
downrivertravel times as well as routinemonitoring results and preliminarydose calculations.

Based on an evaluationof dataand informationfound in Hanford andoffsite literature,the TSP
recommendedC°)that surfitce-waterconcentrations be determinedfor use in dose estimates. Waiters
at ai. (1992) recommendthat a one-dimensional hydraulicmodel be used to estimate the routeof
effluent from the reactors to downstreamlocations where dose is to be estimated. The TSP further
recommendedthat _r source term databe used with the hydraulicrouting model to reconstruct
radionuclide concentrationsbecauseof insufficient ColumbiaRiver historical measurements.
Measurementsdownstreamfrom Pasco, Washinllton, were very limited or nonexistent, and before
1958 only gross beta measurementswere available at any location on the river.

Furtherrecommendationsby the TSP were that the effects on water concentrations of the reactor
effluent plume and the sed_ uptakeand release of radionuclldes should be based upon the results
from past field studies andhistorical measurements andnot directly calculatedby the model. A
complex effluent plume analysis was not neededbecause the horizontal mixing width can be
adequatelydetermined using a simple hand calculationandvertical mixing occurs rapidlynear the
reactoroutfalls. For sediment uptakeeffects, a simple empirical approach using correction factors
developed from experimentswith the selected model estimatm and historical measurements. The
effects of the plume were to be limited to the HanfordReach, while the sediment uptakeeffects may
have extended the lenllth of the Columbia River.

Hydraulic computer modeling required the use of a one-dimensional, unsteady flow model
capableof routing water andradionuclide releases downstreamfrom the Hanford reactorsfor the
required time spanand locations. The code selected for the Columbia River transportwork was
CHARIMA (CHArriap des Rlvieres MAillem) which simulates sediment transportin looped river
systems (Holly et ai. 1993). CHARIMA was selected because it fulfills the following modeling
requirementsspecified by the TSP (Farris 1993):

(a) LetterOIEDR ProjeotDo_unmmtNo.07930224),"HEDR ProjeatLooaliol for CaloulalionofRadionuelide
CoflgutraliomintheColumbiaRiver(14),"fromD. E.Walker,Jr.(TSP)toW. A. Bishop(TSP),April2,1993.

(b) Memorandum (HEDR ProjectDoeumentNo. 11920015),"R_omnmndatiowforFurtherRiverPathwayWork,
!_'93," from P.O. Kliagemaa (TSP) to TSP Members and D.B. $hipler (BNW), September28, 1992.
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* mmmonthly or wwldy source _ dm
* use monthly, weekly, or dally river flow data
* es_llsh the point of complete effluent plume mixing below the reactors
* assume complete mixing below McNaryDam
* make simple radionuclidedecay corrections for travel time in river waterdownstream
, make simple assumptions about water/sedimentinteractions
* use one-dimensional analysis (longitudinalonly)
* use unsteady flow andreservoir routing
* use a simple empirical approachfor sediment uptake/release.

Moreover, CHARIMAcan aoconmnodatetributaryinflows, multiple channels within a river, andthe
presenceof dams and reservoirs. It also has the capabilityto route contaminantsto any specified
location.

i

CHARIMAis a finlte_ifferen_ code that simulates unsteady flow (flood wave) hydraulics and
nonuniformsediment transportin open channel (unimpounded)systems such as rivers andcanals.
The code can simulate the operation of dams and reservoirsand input a constituent (such as a
contaminantor heat) in the routingscheme. For the Columbia River computations, the CHARIMA
code was modified to allow for radionuclidedecay. The modified code is called WSU-CHARIMAto
differentiate it from the acquiredversion. The sediment transportcapabilitiesof the CHARIMA code
were not used because the requiredamountof historical datafor the Columbia River were not
available.

3.2.2 Model Validation

The Columbia River model was validatedby a process that comparedhistorical measurements
with those estimatedby the model. The validation of the waterconcentrations computed by WSU-
CHARIMA was accomplished in two distinctphases. First, the Columbia River hydraulics were
validated by comparing the model-intimatedwaterlevels with the measuredriver stage. The second
and final stage of validation was the estimationof water concentrationsat river locations where
historical measurementawere available. Validation was accomplished by computer-modeledrouting
of the reactorsource term intimates for chromium-51 from the reactor locations downstream to the
historical river monitoring locations andcomparingthe computed with the historically monitored
results.

A sample comparisonof the estimated waterconcentrations with historical measurementsis
shown in Figure 3.5. In general, the two datasets agree well. With the exception of the September
1967 data, all estimated monthly average concentrations shown in Figure 3.5 fall within the range of
the monthly measurements. This sample is typical of the comparisons between the estimatedand
measuredwater concentrations. For some locations and radionuclides, the comparisons are not as
close. The agreementbetween estimated and measureddata is furtherdiscussed in V/alterset al.
(1994).

Sediment correction factors were found to be ummc_sary (Waiters et al. 1994). The validation
exercise showed that while some sediment interactiondid occur, there was no consistent correlation
with season or river discharge. The impact of sediment effects was much less importantthan the

3.10



I)
5000 .............. dh_ + . ..........

't

' " +t It
_ ) q) ¢

" I2111111 ...... _ t ..................)
)

11 l[ l _ A EstimatedRe_iult8

1000 ............ It ' i, ..... 0 HistoricalMeasurements..... lJ 1111 i i i i ii _

Month in 1967
S9403010.10

3.S. Comparisonof Estimatedversus MeasuredRadioactivityin Columbia River Water at
Richland, Wuhinlton (from Waitersa al. 1994)

effectsof travel time andriver discharge. Followin8 validationof theWSU-CHARIMA modeland
its inputdata,concentrationsfor thecompletesetof radionuclide8andtime periodsat the 12 river
locationsweredeveloped.

3.2.3 Cohunbla River Mode/inl Results

" Monthly averageconcentrationsof the five radionuclides(sodium-24, phosphorus-32, zinc-65,
arsenic-76, and neptunium-239)for a total of 253 months were estimatedby the WSU-CHARIMA

. computer model (Waiterset 81. 1994). Modeling startedwith January 1950 data andended with
Jmmary1971 data. (The last single-pus reactorwas shut down in January 1971.) Figure 3.6 shows
model-estimatedconcentrations of the five radionuclidesat Richland, Washington, for the period 1956
to 1965. A distinct seasonal cycle, with annualmaximumconcentrationsoccurring in the winter, is
evident in the data. These maxima resultedfrom reducedColumbia River flow in the winter. During
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late spring and summer, the melting snow in the Cascades and Rocky Mountains increasedthe river
flow, c,eusing increaseddilution of Hanfordoriginatedradionuclides. During partsof July and

. August 1966, all Hanford reactors were shut down becauseof a labor strike. The reduced
radionuclidereleases durinll these two months are included in the source term, river transport,and
dosemodeling.

3.3 Radlonuclide Cncentrations in Aquatic Organisms

In order to estimate doses to individuals who ingested aquaticorganisms (fish, waterfowl,
Willapa Bay oysters, and salmon) taken from the ColumbiaRiver, the radionuclideconcentrations in
those organisms must be determined. Several differentapproacheswere used to estimate the
concentrationsof radionu¢lidesin aquatic organisms. Each approachrelied heavily on historical
measurementscollected by Hanfordresearchers, other state and federal government agencies, and
nongovernmentagencies, such as universities. The approaches used to estimate the radionuclide
concentrations in fish and waterfowl, Wiilapa Bay oysters, and salmon are explained below.

3,3.1 Fish and Waterfowl Bloconcentration Factors

The concentration of radioactivematerial in fish and waterfowl can be related to the radionuclide
concentrationin the water in which that organism lives and feeds (NCRP 1984). This relationship is
a simplistic correlationthat accountsfor ecosystem interactionsbetween the water and the organism.
This simplistic approachwas used to develop bioconcentration factors (BCFs) that directly relatethe
radionuclideconu_m'ation in the organismto that in the Columbia River water. A large databaseof
measuredradionuclideconcentrations in Columbia River fish, waterfowl, andwater was assembled
and used by HEDR Project staff to develop BCFs.

Historical datafrom the Columbia River have been used to estimate BCFs specific to the river.
As noted in summariesof BCFs in Vanderploeget al. (1975) and Poston and Klopfer (1988), fish
BCFs vary greatly depending on site-specific conditions of a river system. For a given aquatic
system, BCFs are generally independentof location andyear but dependentupon radionuclide, animal
species, and the season of the year.

The developmentof BCFs for fish resident in the Columbia River is discussed at length in
Thiede et al. (1994). That report includes a detailed descriptionof the dataused and the resulting
BCFs that were used in the dose calculations. All BCFs are for the edible flesh and not the whole
fish. BCFs were determinedusing the following model:

n¢_ = F/W (3.1)

I

where BCF = bioconcentrationfactor (liter/kilogram)
F = concentration of the radionuclidein fish or waterfowl muscle (picocuriedkilogram)

' W - concentrationof the radionuclide in water (picocurie/liter).
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When historical sample data are lacking, the radionuclideconcentrationin fish and waterfowl
can be approximatedusing estimated BCFs for the Columbia River and the water concentrations
modeled by WSU-CH_ (Welters et al. 1994), as follows:

F = BC_ • We (3.2)
s

where F = radionuclideconcentration in fish or waterfowl at a given location
(picocurie/kilogram)

BCF = bioconcentrationfactor (liter/kilogram)
Wo - WSU-CHARIMA estimated waterconcentrationof a radionuclide(radionuclideand

location specified by F) (picocurie/Uter).

3.3.1.1 Fish Bioconcentration Factors

Table 3.1 presents the median BCFs for the five key radionuclidesin this study (sodium-24,
phosphorus-32, zinc-65, arsenic-76, and neptunium-239)as well as chromium-51. Thiede et al.
(1994) presenta full descriptionof the statisticaluncertaintyassociated with these BCFs. Table 3.1
presents the BCFs for five radionuclidesfor three types of ColumbiaRiver fish (omnivorous and first-
andsecond-orderpredators)and with cool and warm seasons. Omnivorous fish include bullhead,
catfish, suckers, whitefish, chiselmouth, chub, sturgeon, minnows, and shiners. First-orderpredators
include perch, crappie, punkinseed, andbluegill. Second-order predators include bass, trout, and
squawfish. (Salmon and steelhead are treated separatelyand are discussed in Section 3.3.3.) The
cool season for the Columbia River is considered December throughMay, and the warm season June
through November.

3,3.1.2 Waterfowl Bieconamtratien Faders

Historical data listing radionuclides in waterfowl were documentedas early as 1946 (Parkerand
Norwood 1946a, 1946b). Hanf et al. (1992) describe the historical documents for waterfowl samples
for 1945-1972. These documents show that before 1958, only gross beta was measured, By 1960,
individual radionuclidescould be measured. In general, zinc-65 and phosphorus-32were the only
radionuclidesroutinelymeasured in waterfowl taken from the Columbia River andadjacentareas.
These historical measurementsprovide a basis from which to calculate the Columbia River BCFs for
waterfowl (Thiede et al. 1994).

Two general types of ducks were included in this study: diver ducks (which eat small fish and
invertebrates)andpuddle ducks (which eat near-surfacewaterplants andgrain crops). Diver ducks
found on the ColumbiaRiver include goldeneye, bufflehead, canvasback, merganser, coot, scaup, and
ruddyduck. Puddle ducks include mallards, gadwaU, pintail, shovelers, widgeon, and woodduck.
Geese feed in a mannersimilar to puddle ducks andwere included in this summary because historical
datawere available. Approximately72 percent of the 1684 measurements were for puddle ducks,
17 percent for diver ducks, and II percent for geese. The waterfowl BCFs used in the dose calcula-
tions are listed in Table 3.2. Bioconcentrationfactors were not calculatedfor sodium-24, arsenic-76,
andneptunium-239 because these radionuclideswere typically not detected in waterfowl samples.
These BCFs are for all seasons, because no seasonal dependencewas found in the historical sampling
data. Thiede et al. (1994) presenta full descriptionof the uncertaintyassociated with these BCFs.
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Table 3.1. Median BioconcentrationFactors for Columbia River Fish Using
Historical Fish Measurementsand WSU-CHARIMAEstimated

, WaterConcentrations(from Thiede et al. 1994)

Median
" Bioconcentration

Radionuclide _ Fish Tvoe/Season Factorv_

sodium-24 omnivorous 80

sodium-24 all predators 2.1

phosphorus-32 omnivorous 420
cool season

phosphorus-32 omnivorous 1500
warm season

phosphorus-32 all predators 76
cool season

phosphorus-32 all predators 980
warm season

zinc-65 omnivorous 130
cool season

zinc-65 omnivorous 220
warm season

zinc-65 lst-order predators 97
cool season

zinc-65 lst-order predators 250
warm season

zinc-65 2nd-order predators 67
cool season

zinc-65 2nd-orderpredators 110
warm season

arsenic-76 all species and seasons 240

neptunium-239 all species and seasons 21

chromium-51 all species and seasons 1.7
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Table 3.2. Median BioconcentrationFactors for Columbia River Waterfowl
(from Thiede et al. 1994)

MedianBioconcentration
Radionuclide Factor ¢L/k2)

phosphorus-32 290

zinc-65 44

Figure 3.7 shows zinc-65 concentrationsin aquaticorganisms. Concentrations of all five key
radionuclideswere calculatedusing the estimatedwater concentrationdatashown in Figure 3.6 and
the BCFs described above.

3.3.2 Willapa Bay Shellfish Data

Zinc-65 and phosphorus-32concentrations in aquaticorganisms near the mouth of the Columbia
River were monitored as early as 1959. Waiters et al. (1992) give a summary of averageradio-
nuclide concentrationsat Willapa Bay for 1959-1977. Oysters from WillapaBay were found to
containmeasurableamountsof Hartfordoriginatedradionuclides(Essig et al. 1973). Hanfet al.
(1992) describe documentscontaininghistorical informationon radionuclides in shellfish (primarily
bivalve mollusks). Informationfrom these references was compiled into a database. Thiede et al.
(1994) list summarydata from this databasefor phosphorus-32andzinc-65 for locations such as
Willapa Bay, Astoria, CannonBeach, Coos Bay, SeasideBeach, Tillamook Bay, and Agate Beach.
Oysters generally containedhigher concentrations of zinc-65 than did other marine organisms (Foster
and Wilson 1962).

The total reactoroutputof zinc-65 by year (Heel) andBates 1994) was compared, using a linear
regrmsion coefficient, to the averagezinc-65 concentration in oysters at WiUapaBay. The coefficient
was 0.0019 picocurie/gramper curie/year (R2 - 0.83, calculatedwithout an intercept term),
indicating that for each curie of zinc-65 released duringa given year, there would be 0.0019
picocurie/gram of zinc-65 in oysters. Using this information,it is possible to approximatethe activity
of zinc-65 in oysters for years for which there is little or no historical data (1944-1959). Then, the
following equationwas used to convert reactorproductionto radioactivity in oysters for any given
year:

WBO = 0.0019 C (3.3)

where WBO = activity of zinc-65 in Willapa Bay oysters (picocurie/gram)
0.0019 = estimatedregression coefficient (picocurie/gramper curie/year)

C = numberof curies of zinc-65 released from Hanfordproduction reactorsduring a
given year (curie) (from Heeb and Bates 1994).
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3.3.3 Salmon Data

Anadromous species (fish that live part of their lives in freshwater and part in salt water), such
as _hinook salmon, sockeye salmon, coho salmon, and steelhead trout, travel up the Columbia River
to spawn. Waiters et al. (1992, Figure 4.5) summarize the time periods when these species are found
in the Columbia River. According to Foerster (1968), sockeye, in common with other Pacific salmon
species, do not feed once they enter fresh water and head upstream to their natal spawning area.
Evidence for this lack of feeding comes from stomach content analysis, decreased fat and protein
content, and atrophy of digestive organs. Feeding usually ceases prior to spawning (Brown 1957;
Foerster 1968; Meehan 1991), and the fish rely on reserves of fat and protein stored up during their
ocean residence to reach their natal spawning area.

Juvenile salmon and steelhead feed during their 3- to 24-month river migration downstream to
the ocean (Oregon Department of Fish & Wildlife and Washington Department of Fisheries 1993).
However, for the purpose of dose assessment, it is assumed that anadromous species such as salmon
and steelhead in the Columbia River took in radionuclides primarily while feeding on organisms in
the ocean. These ocean organisms may have accumulated radionuclides from both Columbia River
discharge and atmospheric nuclear weapon's test deposition. Accumulation of radionuclides in
upstream anadromous species may have depended on the radionuclide accumulation from food sources
and accumulation from radionuclide concentrations in the Columbia River. The radionuclide
concentration in the fish muscle would then depend on what the fish had accumulated before it moved
into the river and on the concentration of radionuclides in the Columbia River water. Data for

47 historical samples of salmon caught in the Columbia River show that 37 samples were at or below
the minimum detection limit (0.1 picocurie/gram) for zinc-65. The rest of the samples varied from
just above the detection limit to a maximum of 13 picocuries/gram. The median value for zinc-65
was 0.6 picocurie/gram.

The TSP determined that doses from salmon and steelhead should be calculated using two
approaches. (a) The first approach would be to use available historical measurements. Using this
approach, a default value of I picocurie/gram Was used for the concentration of zinc-65 in salmon and
steelhead flesh for all years (corresponding with the median monitored concentration of 0.6 picocurie/
gram, which was rounded to I picocurie/gram). The second approach assumed that the salmon spend
their entire lives in the Columbia River and accumulate radionuclides as do resident species.

The second approach (treating salmon and steelhead as resident species in the Columbia River) was
selected by the TSP because it provided an upper limit for doses from ingestion of salmon and steel-
head. This approach was used to estimate the uncertainty in salmon and steelhead doses. The BCF
values for resident second-order predators (trout, bass, and squawfish) were used to model all radio-
nuclide concentrations in salmon. If actively eating, salmon would have feeding habits similar to those
of second-order predators (i.e., they would feed on smaller fish). This approach yielded zinc-65
concentrations in salmon ranging from about 1 picocurie/gram to 100 picocuries/gram. Figure 3.8
shows the 47 historical measurement points (many points overlap), the default concentration of 1
picocurie/gram specified by the first approach, and the concentrations based on the BCFs of resident

(a) Directiongivenby theTeelmiealSteeringPanel(TSP)at the Ootober7-9, 1993meetingheldin Riehland,
Wuhington.
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second-orderpredators(as specified by the second approach). The second approachgives salmon
concentrationsthatare 10 to 100 times larger than the actualmonitoringresults. Therefore, the
second approachshould be considered an overestimationof the actualconcentrationsand doses
calculatedwith this approachare likely to overestimate the actualdoses.

m

3.4 Dose Assessment

Once the source terms and concentrationswere estimated, standard dose assessment methods
were used to translate the radionuclideconcentrations in key environmentalmedia into the radiation
dose that could have been received by an individual. The environmental media of concern for the
Columbia River pathway include treated and untreated drinkingwater, resident fish, waterfowl,
salmon, and shellfish. Also evaluated were external exposures from swimming, boating, and
shoreline activities.

The following subsections introducethe use of the computer code desigu_ to estimate doses to
individualsvia these environmentalmedia, explain the calculation of doses, and define the categories
of individuals assessed for doses from the Columbia River pathway.

3.4,1 Capabilities of the Columbia River Dosimetry Code

The requirementsfor the computer code used to estimate radiationdoses resulting from the
Columbia River pathway are documented in Farris (1993) and specify that the code estimate the
radiation from a number of pathways and radionuclides. The computer code that was developed,
Columbia River Dosimetry (CRD), uses waterconcentrations of sodium-24, phosphorus-32, zinc-65,
arsenic-76, and neptunium-239calculatedby the WSU-CHARIMA model (see Section 3.2).

Radionuclide-dependentwater treatment factors are used to account for the moderatereduction in
radionuclidesin drinkingwater after treatment in a municipal treatment system. An untreated
drinkingwater pathway is also included where no such _eductionis assumed.

CRD supports the deterministicestimation of environmentalaccumulation anddose. This means
that the code calculates a single-point estimate of all media concentrations and doses. (A stochastic
analysis was performedto investigate the uncertaintyand sensitivity of input parameters and
calculateddoses in the CRD code. The methodology for and results of that analysis are presentedin
Section 5.0.)

CRD calculates doses for 12 specific river segments (refer to Figure 3.4). The segment names
andapproximatelocations are as follows:

1. Ringold (from below reactorareas to northof Richland)
2. Richland (from northof Richland to above the YakimaRiver)
3. Kennewick/Pasco (from below the Yakima River to the SnakeRiver)
4. SnakefWalla Walla rivers (from below the Snake River to near McNary Dam)
5. Umatilla/Boardman (from near McNary Dam to near Arlington, Oregon)
6. Arlington (Arlington, Oregon vicinity)
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7. John Day Dam/Biggs (from below Arlington, Oregon, to near Biggs, Oregon)
8. Deachu_ River (DeschutesRiver mouth vicinity)

. 9. The Dalles/Celllo (The Dally/Collie vicinity)
10. KlickitatRiver 0Oickitat River mouth vicinity)
11. White Salmon/Cucade Locks (from White Salmon River to Bonneville Dam)

- 12. Lower River (from below Bonneville Dam to Columbia River mouth)

On the recommendationof the TSP,(a)doses from ingestion of two environmentalmedia with
location_ependent concentrationsbut not directly river-dependentconcentrationswere also estimated,
bringing the numberof locations of interest for dose assessmentto 14. The two additionaldoses were
those resulting from ingestion of shellfish from WUlapaBay and from salmon and steelheadcaught at
any location in the Columbia River.

In addition,for each category of individual for whom a radiationdose was estimated, specific
parametersrelating to exposure are supplied in CRD. Each of the following exposure parameters can
be specified by month in the CRD code:

a. river use - swimming (hours/month)
b. river use - boating (includes fishing and shoreline activities) (hours/month)
c. untreateddrinkingwater ingestion (liters/month)
d. treated drinkingwater ingestion (liters/month)
e. residentfish (omnivore) ingestion (kilograms/month)
f. residentfish (first-orderpredator)ingestion (kilograms/month)
g. residentfish (second-orderpredator) ingestion 0dlograms/month)
h. waterfowl ingestion 0dlograms/month)
i. Willapa Bay shellfish ingestion (kilograms/month)
j. Columbia River anadromonsfish (salmon/steelhead)ingestion (kilograms/month).

3.4.2 Equations in the Columbia River Dosimetry Code

The basic equations implemented in the CRD code are shown below. Shown first are equations
for radionuclideconcentrations in ColumbiaRiver water. Then, there arethe equations for doses
from environmentalmedia. See Snyder et al. (1994) for details about the selection of the parameter
values. Doses were calculatedusing methodsdescribed in ICRP (1977). Doses were estimated for
each radionuclide, location, and month. As recommendedby the TSP,(b)the results includeestima-
tions of effective dose equivalent (EDE) as well as estimations of dose equivalent to the red bone
marrow(RBM) and to the lower large intestine (LLI). These two critical organs were selected
because they are the organs that would have received the highest radiationdoses.

¢.

(a) Letter (HBDR ProjeotDooumentNo. 07930224), "HEDRProjeot Looationl for Ctloul_on of Radioauofide
Coneealxatiom,in the Columbia River (14)," from D.E. Walker, Jr. (TSP) to W.A. Bishop (TSP), April 2, 1993.

(b) Lelmr(HEDR Pmjezt Document No. 08910177), "Seeping Dozumentafor.Deternfinafionof Temporaland
GeographicalDomain, for the HEDR Projezt,"from B. Shleien (TSP) to Dimibution, July 26, 1991.
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3.4.2.1 CRD Code Equations for RadlonueUde Conemtrmiom

The radionuclideconcentrationin untreatedColumbia River water for each location andmonth
is calculatedasfollows:

c.. c, P (3.4) .

where Cw = concentrationof radionuclidein Columbia River water at point of humancontact
(picocurie/liter)

Cx = cross-section averageconcentrationof radionuclidein Columbia River water
(picocurie/liter)

P - plume correction factorfor each location (unitless).

The plume corre_ion factor accounts for the difference in the shoreline concentration relative to
the average concentration across the river. At Ringold, the radionuclideconcentrations are greateron
the Hartfordshore than on the Ringold shore (V/alters et al. 1994). The WSU-CHAIUMA code
calculates the averageconcentration in the Columbia River at each downstream location. The plume
correctionfactor allows the determinationof the actual shoreline concentration using the WSU:
CHARIMA calculated values. The plume correction factors used are 0.5, 1.1, and 0.9 for the
Ringold, Richland, andPasco locations, respectively. The derivation of these factors is based on
in-stream studies on the Columbia River and are explained in more detail in Waiters et al. (1994). At
all other locations; the river is assumed to be fully mixed and no plume correction is warranted. The
plume correction factor for Ringold is for the east shore, which is accessible to the general
population. The Richland andPasco locations are for the shoreline locations with the maximum
estimatedconcentrations.

The radionuclideconcentration in the edible flesh of residentfish and waterfowlfor each
location and month is calculated in CRD as:

ct = (3.5)

where Cf = concentration of radionuclidein fish or waterfowl (picocurie/kUogram)
Ca =, crosHection average concentration of radionuclidein Columbia River water

(picocurie/liter)
BCF = bioconcentration factor for a given species of fish or waterfowl (picocurie/kilogram

per picocurie/liter).

The bioconcentrationfactors are those defined in Section 3.3.1 above.

3.4.2.2 CRD CodeEquations for Doses

Ingestion of Water. The monthly dose to each organ from ingestion of treated and untreated
water for each location and month is calculated as:
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where Dw - effective dose equivalentor organ dose equivalentfrom ingestion of all drinking
water (millirem/month)

• Cw ,, concentrationof radionuclidein ColumbiaRiver waterat point of human contact
(picocuries/llter)

)_ = radionuclidHlagiflc radiolollicaldecay constant (per day)
thwt = holdup time for trutad drinking water(days)
Rwt - amount of treated drinkingwater ingested (liters/month)
fw = watertreatmenttransmissionfactor(unitless)

1_ = amount of untreateddrinkingwateringested (liters/month)
DFi m dose conversion factor for ingestion (milltren#picocurie).

The ingestion dose conversion factors are from DOE (1988). The drinking water transmission
factors have been derived from historic_almeasurementsat water treatment facilities in Richland,
Kennewick, andPasco, Washington. The transmissionfactors account for the radioactivitythat
passes throughthe treatmentprocess and is not removed. The transmission factors for the five key
radionuelidesof interest are listed in Table 3.3. Supporting informationfor these values is presented
in detail in Snyder .etal. (1994):

Table 3.3. TransmissionFactors for Five Key Radionu¢lides

Radionuclide Tlarmmi_ian Factor
sodium-24, 0.9

phosphonm-32 0.38
zinc-65 0.39

arsenic-76 0.5

neptunium-239 0.67

Ingestion of Resident Ft.shand Waterfowl. The monthly dose to each organ from residentfish
and waterfowl ingestion for each location and month is calculated in CRD as:

uf. ct •"x" DF, 0.7)

. where Df = effective dose equivalentor organ dose equivalent from ingestion of resident fish or
waterfowl (millirem/month)

Cf - concentration of radionuclide in fish or waterfowl (picocuries/kilogram)
- Rf - amountof fish or waterfowl ingested (kilograms/month)

k = radiological decay constant (per day)
thf = holdup time for residentfish or waterfowl (days)

DFi - dose conversionfactor for ingestion (millirem/picocurie).
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Eztmml Dose. The monthly external dose to each organ for each location and month is
calculatedu:

D.- C. ZOF. (3.8)
t

where De m effective dose equivalent or organ dose equivalent from external exposure to
radioactive sources (mUlireWmonth)

Cw = concentrationof radionuclide in Columbia River water at point of humancontact
(picocuries/liter)

Eb = time spent boating, fishing, and on shoreline (hours/month)
E,w - time spent swimming (hours/month)

K = unit conversion factor 1/87(_5(yesr/hour)
DF, - external dose conversionfactor (millirem/yearper picocuries/liter)

Externaldose factors were taken from EPA (1988). This model addressesonly exposure to
radionuclides in the river water, not those deposited along the shoreline. However, evaluationof
informationpresented in the 1965 and 1966 Hanfordannualenvironmentalreports (Soldat and Essig
1966, Essig andSoldat 1967) indicatedshoreline exposure to be approximatelyone-third of the river
submersion (swimming) exposure. •By including shoreline exposure with boating, which is modeled
as one-half of the submersiondose, exposure to shoreline-depositedradionuclides is considered to be
covered.

Salmon Inlmtioa. The monthly dose from salmon ingestion is calculatedas:

D, = C, It, e "_' DPl (3.9)

where D, = effective dose equivalent or effective organ dose from ingestion of salmon
(mUlirem/month)

C, = annual average concentrationof radionuclide in salmon (picocuries/kUogram)
Rs = amountof salmon ingested (kilograms/month)

_, m radiological decay constant (per day)
ills - holdup time for salmon (days)

DF| -- dose conversion factor for ingestion (mUlirem/picocurie).

Oyster Inlestion. The monthly dose from oyster ingestion is calculated in CRD as:

Do = Co Re e "_e.'DFt (3.10)

where DO = effective dose equivalent or effective organ dose from ingestion of oysters
(mUlirem/month)

CO - annualaverageconcentration of radionuclide in oysters (picocuries/kilogram)
Ro ,, amountof oysters ingested (kUograms/month)
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)_ - radiological decay constant (per day)
tho - holdup time for oysters (days)

. DPi = dose conversion factorfor insestion (millire_picocurie).

3.4_ Rsprmmtatlve Individual DefiuJflons

To estimate the dose to individualswho were exposed to the Columbia River in the put, a set of
representative(theoretical)individuals has been selected. The charac*.eflsticsof these individuals are
_ed to epproximm those of selected sagnmn of the jeneral population. The characteristicsof
the representativeindividuals do not match any knownperson. The representativeindividualsare
used to estimatethe doses to these selected populationse_ts.

• Msximmn _ve Individmd - Assumed to have been a sisniflcant user of the river.
This individualhad maximumor near maximumingestion rates for residentfish andwaterfowl
andspent time in or on the river.

• Typical repgmmtaflve individual - Typical of the average individual residing near the
Columbia River. No residentfish were ingested by this type of individual. This correspondsto
informationprovided in Soldat (1968), Beetle (1972), andEndres et al. (1972). Doses for
individualsof this second type who did ingest fish can be inferredfrom the doses calculated for
the maximumrepresentativeindividual.

• _ re_ve indlvidusl - A worker who is assumed to have been exposed at
work. This individual could have been a ferry or barge workeror someone who spent a
sil__ amountof time on the river andwho ingested some salmon and shellfish but no
residentfish.

Tables 3.4 throush 3.6 list characteristics of the representativeindividuals.

Reference values were defined for each representativeindividual's us_e and intake rates for
each pathway. The usap andintake values vary by month, Hold_p times (i.e., the times between
removal from the river and ingestion) must also be defined for the reference individualsbecauseof
the short half-lives of some of the radionu¢!idesevaluated. The assumed holdup times are shown in
Table 3.7. Assumptions are based on values used in historic estimates of intake rates in the region as
reportedin Hauford Site annual environmentalreportsfrom 1958 to 1970, which are summarized in
Soidat et al. (1986), andon the authors'judipnent.
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Table 3.4. Chsrm3m'islics of the Maximum P,.epresemmtiveIndividual

JAN FEB MAR APR MAY guN JUL AUG _ ocr NOV DI_ ToIM
f

CRD food _
(ks wet)

Onmivorousrims 3.0 2.0 0.2 0.2 0.0 0.0 .0.0 0.2 1.1 2.0 2.0 3.0 13.7
Predator1 fmh 0.3 1.2 2.8 2.8 3.0 3.0 3.0 2.8 2.0 1.2 1.2 0.3 23.6
Predator2 fish 0 O.1 0.3 0.3 0.3 0.3 0.3 0.3" 0.2 O.1 O.1 0 2.3
Salmm ........ 2.5 - - - 2.5

0.45 ........... 0.45

t_ w.,=_l _ 2 2 2 2 2 o o o o 4 4 2 2o
¢1_wet)

Drinkingwaterintake
(L) 61 61 61 61 61 61 61 61 61 61 61 61 732
Treated 0 0 0 I I I I I I I ! 0 8
Untreated

Bmting _ fuldng (lu') 42 42 42 42 42 42 42 42 42 42 42 42 504

Swimmln_ (hr) 0 0 0 5 5 5 5 5 5 5 5 0 40
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Table 3.6. _cs of the Occupa_nai RepresemativeIndividual

JAN FEB MAR APR MAY J_JN _ AUG SEP OCT NOV I)_ Total

CRDfood_on 0
(ks wet) ............ 0

Onmivorous fish ............ 0
PredatorI fish ............ 0
Predator2 fish ............ 0
Sahmn ............ 0
Shellfish

Waterfowlinsestion ............ 0
(kswet)OO

Dr/nking water intake
0-)

Treated 61 61 61 61 61 61 61 61 61 61 61 61 732
u_

Boating or fishing (hr) 240 240 240 240 238 238 235 235 238 240 240 240 2864

Swimmins OIr) 0 0 0 0 2 2 5 5 2 0 0 0 16



Table 3.7. Holdup Times for Various Food Types

" Food Tv_ Holdup Time (days)

ResidentFish

Omnivores (e.g., bullhead, 7
catfish, suckers, whitefish,
chiselmouth, chub, sturgeon)

First-orderpredators(e.g., perch, 2
crappie, punkinseed, bluegill)

Second-orderpredators(e.g., 2
bass, trout, squawfish)

Salmon 15
• Shellfish 7

Waterfowl. 7
Treaed water 1
Untreated water 0
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4.0 Results

Estimates of doses to individualsfrom reactorreleases to the Columbia River for the years
1944-1992 are presented in this section. All dose estimates are prepared using deterministic

" techniques, which use a single estimate for each inputparameter for a model andreturn a single
outputestimate result. Such techniqueshave no built-in allowance for uncertainty. (See Section 5.0
for informationon uncertaintyin the dose estimates and the sensitivity of the estimated doses to
specific input parameter values.)

Results of the estimations of annualdoses from 1944-1992 are presented in Section 4.1. Results
are given for three dose estimation approachesfor three consecutive time periods: screening dose
calculations for 1944-1949, detaileddose calculations for January1950 throughJanuary 1971, and
dose calculations using datafrom Hanfordannualenvironmentalreports for 1971-1992. These three
methods are based on the level of detail required for doses for the three time periods. These dose
results are summarized for effective dose equivalent to a maximum representativeindividual and
results are compared to the earlierfeasibility studydoses found in the Columbia River Pathway Report
(PNL 1991).

Section 4.2 provides results for the exposure pathways, comparing the parameters contributing
the most to doses received by three types of representativeindividuals at Richland, Washington, and
downstream of the Bonneville Dam. Section 4.3 presentsthe doses estimated for ingestion of salmon
andsteelhead, and Section 4.4 presents the doses for ingestion of Willapa Bay oysters.

4.1 Annual Doses, 1944-1992

The dose estimation method used for 1944 through 1992 depended on the time considered.
Screening calculations were performed for 1944 through 1949, detaileddose calculationswere
performed for 1950 through January1971, and Hartfordannualreportswere consulted for February
1971 through 1992. The screening calculations were performed for a single location (Richland,
Washington), the detailed dose calculations were performed for 12 locations, and the doses obtained
from annual reportswere for single locations between Ringold and Pasco, Washington.

The level of detail in the dose c_Jculations was basedon the magnitude of radionuclidereleases
for the time period. Based on earlier HEDR ColumbiaRiver source term and dose c._lculations(PNL
1991; Napier and Brothers 1992; Waiters et al. 1992), the TSP recommendedthat dose calculations
for 1950-1970 be the most detailed.(a) The modeling techniquesdiscussed in Section 3.0 were
developed in response to this recommendation. The time period for detailed calculations was

• expanded to include January 1971 in order to incorporatethe last month of single-pass reactor
operations. Less rigorous dose assessment techniqueswere used for the other time periods because

, radionuclidereleases were much lower during those years.

(a) Memo (HEDR ProjectDocument No. 11920015), "Dimtfibutionof Recommendations for lrY 93 River Work," from
P. C. Kliagenma(ET SubconmfitteeChair) to M. Power and K. ClmrLee (WashingtonState Departmentof Ecology),
September2S, 1992.
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4.1.1 Radlonuclides Contributing to Dose'

Key radionuclidesfor the ColumbiaRiver pathway were determinedusing scoping dose esti-
mates presented in Napier (1993). That reportused source term information based on historical
measurementsthat were incomplete for many radionuclidesandtime periods. However, the report
successfully indicated the radionuclidesthat could be expected to result in the highest radiationdoses.
Nineteen radionuclides were examined to determinetheir significance to dose. Napier (1993) recom-
mended that five radionuclides (sodium-24, phosphorus-32, zinc-65, arsenic-76, and neptunium-239)
be included in futuredose calculations. An additional six radionuclides (chromium-5I, scandium-46,
manganese-56, gallium-72, yttrium-90, and iodine-13I) were included in the source term estimates
either because they were needed for river transport validationor they were of particularinterestto the
TSP.

Similar scoping calculations were performedusing the source term data provided in Heeb and
Bates (1994). The source term presentedin Heeb and Bates (1994) is complete for the 11 radio-
nuclides identified as being of interest to the TSP for 1944 though 1971 and representsthe most
comprehensive source term for Hanfordreleases to the ColumbiaRiver. The scoping calculations
were repeatedto confirm that the five radionuclidesused in the detailed dose calculations are indeed
the most important. The revised calculations were performedfor a maximum representative
individual at Richland, Washington.

Figure 4.1 shows the contributionto the total effective dose equivalent from the 11 radionucl!des
for 1944-1971. These percentagecontributionswere determinedfrom the final dose calculations.
The top five radionuclidescontributedmore than 94 percent of the total dose and were used in the
detailed dose calculations.
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Figure 4.1. Contributionto Total EffectiveDoseEquivalentfor a Maximum
RepresentativeIndividualat Richland,Washington,1944-19"/1
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4.1.2 S_ Dose Calculations, 1944-1949

• Screening doses to a maximum representativeindividualat Richland, Washington, were calcu-
lated for this reportusing medianvalues for each radionuclideprovided in Heeb andBates (1994).
The WSU-CHARIMAmodel was not used for these simple calculations. The calculations used a

- simplified river transportmodel that assumed an averageColumbia River flow rateof 120,000 cubic
feet per second anda 19-hourtravel time from the reactors to Richland. Assumptions used in these
calculationsregardingdosimetry and exposure parameterswere described in Sections 3.4.2 and 3.4.3.

Table 4.1 presentsthe doses to a maximumrepresentativeindividual at Richland, Washington.
Doses to the maximumrepresentativeindividualsat all locations were dominatedby the ingestion of
fish containing zinc-65 andphosphorus-32. Table 4.1 shows that the effective dose equivalent ranged
from 2 mUlirem/yearin 1944 to 25 millirem/year in 1949.

Table 4.1. Doses to a MaximumRepresentativeIndividual at Richland, Washington,
1944-1949, from Ingestion of Fish

Effective Dose Key Pathway/
Year l_ouivalent(mrem/vrl Radionuclides

1944 2 fish/Zn-65, P-32

1945 22 fish/Zn-65, P-32

1946 18 fish/Zn-65, P-32

1947 15 fish/Zn-65, P-32

1948 17 fish/Zn-65, P-32

1949 25 fish/Zn-65, P-32

4.1.3 Detailed Dose Calculations, January 19r_}-January 1971

The doses estimated for this period are the most detailedbecause they represent the years when
an individualusing the river would have received the highest dose, particularlythe years 1956-1965.
The doses were estimated on a monthly basis using detailedestimates of source term, river transport,
and human exposure. The dose estimates were computed for each month to maximize the detail
included in the dose calculations andto account for any seasonal effects. Radionuclideconcentrations

• in the river, bioconcentration factors, andhumancharacteristics for ingestion and exposure are all
highly dependenton the month of the year.

• The CRD model (Farris 1993) was used to perform these dose calculations using the monthly
source term and river transport estimates documented above (Heeb and Bates 1994; Waiterset al.
1994). Doses for this period were calculatedfor 3 types of representativeindividuals, 12 specific
river locations, 5 radionuclides, and 253 months (January 1950 through January 1971) and include

4.3



ingestion of WUlapaBay shellfish and Columbia River salmon. Doses were calculatedfor two
specific organs, red bone marrowand lower large intestine, in additionto the effective dose
equivalent (whole body dose).

The appendixlists monthly estimates andannual totals of the effective dose equivalent and
effective doses to red bone marrow and lower large intestine. These dose estimates are provided for
the three representativeindividual types at 12 locations. Figures 4.2, 4.3, and4.4 show estimated
doses for the three representativeindividual types at selected locations. Doses at each successive
downriver location below Pasco decrease as radioactivedecay andriver dilution decrease the local
radionuclideconcentrations. The estimateddoses are greatest for the maximumrepresentative
individual and lowest for the typical representativeindividual.

Prior to October 1963, the municipal water supply for the City of Richland, Washington, was
drawn from Yakima River water. The Richland municipal water supply after September 1963 was
taken from the Columbia River. Figure 4.3 shows the impact of the water source on the doses to the
typical representativeindividual at Richland. Before 1963, the doses to a typical individual at
Richland were less than those at Pasco and other locations. After 1963, the doses were highest at
Richland. The doses for the maximum and occupational representativeindividuals do not show the
effect because those doses were dominatedby exposure pathways other than drinkingwater.

Within the 1950-1971 time period, the doses for all representative individual types are lowest
during the periods 1950-1955 and 1965-1971. The doses peak during the late 1950s and early 1960s,
the period of greatest radionuclide releases to the ColumbiaRiver (see Section 3.1 and Figure 3.2).
The decrease in annualdose in 1959 was a result of slightly lower radionuclide releases and increased
river flow during that year. These two factors combined to produce dose estimates that were 30 to
40 percent lower for 1959 than for either 1958 or 1960.

The doses shown in Figures 4.2, 4.3, and 4.4 are the total doses summed over a number of
pathways and radionuclides andgiven as effective dose equivalent. Detailed informationon the
contributingpathways andradionuclides is presented in Section 4.2. For all monthly dose estimates,
it was assumed that salmon contained 1 picocurie/gram of zinc-65. An alternate approachfor
estimating doses from salmon and steelhead is presented in Section 4.3.

4.1.4 Doses from Hartford Annual Reports, 1971-1992

Annualreports summarizingenvironmentalmonitoring and offsite radiation impacts have been
prepared by Hanfordcontractorsevery year since 1957 (Soldat et al. 1986). These reportsare pre-
pared one to two years afterthe subject year and are available to the public. Each reportcontains an
estimate of the radiationdose to a maximum representativeindividual for the subject year. Because
dose estimationmethods are constantly evolving, differentassumptions regarding dosimetry, exposure
parameters, and modeling were used to arrive at the doses reportedfor February 1971 through 1992.
However, the doses as presenteddo provide an overview of the overall magnitudeand trend of the
doses.
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Dos_t for 1971 through 1992 ate presentedin Table 4.2. The most recentyear for which a
Hanfordannual environmentalmonitoring reportis available Is 1992. The reportfor 1993 will be
available in late 1994. Dose estimatm after 1973 are significantly lower thanestimates made for the
peak dose years of 1955-1965. Doses droppedsignificantly after the shutdownof the last single-pass
productionreactorin January1971. N Reactorreleasesduring the mid-1980s resultedin doses of a
few millirem per year andate included in the doses presentedin Table 4.2.

4.1.$ Complete Dine History

Dose results from the three dose estimationapproaches(screening calculations, detailed dose
calculations, and doses obtainedfrom annualreports) are combined and shown in Figure 4.5. These
doses ate summarized in Table 4.3. Over 93 percentof the total dose occurred during the 1950-1971
time period. Figure 4.5 shows dosw received by a maximum representativeindividual at Richland,
Washington, from 1944-1992. With the exception of Ringold, doses for the maximum individualat
other locations would be lower than the doses at Richland, Washington. The annualdoses for a
typical representativeindividualate approximately 10 to 40 times lower than those received by a
maximum representativeindividual. Prior to 1963, doses for the typical representativeindividualat
Pasco were higher than at Ringold or Richland. Doses for an occupational representativeindividual
were estimated to be aboutone-haif of those received by a maximum representativeindividualat
Richland.

Doses presentedin this reportare for three types of representativeadults. Doses to children
have not been specifically calculated for the three typ@ of reprwentative individuals for all locations
and months. Age-depmKlentdoses for childrencan be inferred from the doses to the typical represen-
tative individual adult. For typical repreaentativeindividuals, both children and adults, the exposure
is dominatedby consumption of drinkingwater. The radiationdose from a given intakeof any of the
five key radionuelides in this study is as much as seven times greater for a child than for an adult
(NRPB 1990). However, children consume as little as one-sixth the amountof drinkingwater and
water-besedfoods as adults (EPA 1989). The net result is that doses for children for any specific
year could be a factor of 1.5 to 2 higher than the adult doses for the typical representativeindividual.

The exposure assumptions for the other two types of representativeindividuals are not applicable
to children. Doses to the occupationalrepresentativeindividual are applicable to an adult who is
working on or nearthe river for 2900 hours/year. The maximum representativeindividual is
estimated to consume large amounts of fish and waterfowl andcannotbe considered representativeof
a child's exposure. Dietary studies done in the late 1960s indicate that most childrendid not consume
game birds or fish from the Columbia River (Soldat and Honstead 1968; Endres et al. 1972). Body
burdenmeasurements of 5099 childrenduring 1965-1969 indicatedthat the average whole body dose
to a child in the Richland, Pasco, Kennewickarea was approximately 1 millirem/year.

4,1.6 Comparison to Feasibility Study Dose Estimates

The scope of the feasibility study (PNL 1991) includeddose calculations for 1964-1966 and
locations from the areas of the reactors to McNary Dam. Figure 4.6 shows a comparison of median
doses presented in the feasibility study Columbia River Pathway Report (PNL 1991) with doses
estimated for this report. Doses are shown for maximum and typical representativeindividuals
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Table 4.2. Hartford Annual Report Doses, 1971-1992

" Maximum Individual Total

Body or Hff_tivo
X_ Dora Equl_vsleut (mmml ................................................Refemu_ .....

1971 3(*) Soldtt, Price, tad McCormsok. 1986. PNI.,-5795

1972 2(a) B_ andCodey. i9"/3. BNWI.,-1727.

1973 2 Soldat, Price, and McCormsck. 1986. PNL-5795

1974 0.03 Fix. 1975. BNWI.eI910

1975 0.012 Spear, Ftx, and Blumer. 1976. BNWL-1979

1976 0.04 Fix, Blumer, Hoeum, and Brammn. 1977. BNWL-2142

1977 0.2 Houston and Blumer. 1978. PNL-2614

1978 0.03 Hotmtonand Blumer. 1979. PNL-2932

' 1979 <0.09 Hotmtonmui Blumer. 1980. PNL-3283

1980 <0.i (a) Sula sad Blunter. 1981. PNL-3728

1981 0.40') Sula, McCormsck, Dbkm, Price, and Eddy. 1982. PNL-4211

1982 O.lCe) Sula, C.arllle,Price, and McConmek. 1983. PNL-4657

1983 0.01 Soldat. 1989. PNL-713$

1984 0.057 Soldat. 1989. PNL-7135

1983 0.07 Soldat. 1989. PNL-713$

1986 0.05 PaoiflcNorthwmtLsboratmy. 1987. PNIr6120

1987 0.03 Jaquishand Mitchell. 1988. PNL.6464

1988 0.02 Jaquish and Bryce. 1989. PNL482.5

1989 0.039 Jaquishand Bryce. 1990. PNL-7346

1990 0.016 Woodruffand Haul'. 1991. PNL-7930

1991 0.009 Woodruffand Haul 1992. PNL-8148

1992 0.02 Woodruffend 14anf. 1993. PNL-8682

(a) AnmudreportImmmDdoses forsir andfiverpathwayscombined,andit is notposs/bleto _ dosesby
pmhwsy. Doempro,mindhemarethe sumof,dr and rive pathwaysand,msmsovwemim_ of the
Columb/aRivegdose.

' Co) Auroralreportpuem doemfrom_mpt/oa of foodseomtninSru/immivityrt.mmedviaam_ _ _v_
pathwayscombined.Itis notpomibleto repro'ateclmmby source.
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T_le 4.3. EstimatedEffective Dose Equivalentto a Maximum
l_pnmmuttive Individualat Richl_xl, Wuhinllton

EstimatedEffective Dose
,, Eo_ulyalent(mrem_......

1944-1949 99

1950-1971 1400

1971-1992 8

exposed at Richland andPasco, Wash_n. Although sommdi_ exist between the two dose
_m_ts, thoy agree within a factorof 2. The methodsused in the two dose assessmentswere
similar, but slightly different model inputs were used. Both the feasibility study and the dose
calculations perfonMd for this report show slightly lower doses at Pasco when compared to Richland.
The estimated Columbia River concentrationsused in these two dose assessments were in very close
agreement. The variation in the doses is a result of environmentalaccumulation andhumanexposure
parameterdifferences between the feasibility study and this study.

For the maximumrepresentativeindividual, the resident fish ingestion used in the feasibility
study was approximately20 kilograms/year, while a 40-kilogrmm/year ingestion rate was used in this
study. This factor of 2 accounts for nearly all of the difference between the doses from the two
studim. Differences in bioconcentrationfactors for residentfish exist but do not result in large
chanjes in the estimated doses. For the typical representativeindividual, the difference can only be
explainedby the stochastic approachused in the feasibility study.

In the feasibility study, a st_p-by-step(modular)calculational structure was used. Calculations
were performedin sequence (modules), and the result of each module was stored in an intermediate
histogram. This structurewas intended to simplify the computationalprocess, allow storage of
intermediatecalculations for later analysis, andguide collection of databy providing an
understandablestructurefor using the data.

To a large extent, the feasibility study code achieved the specified goals. However, the use of
histograms to store output from each module of the code resultedin a loss of correlationamong code
inputs and outputs. Latermodules in the sequence independentlysampled the intermediate
histograms, choosing an input value from among a pool of possible input values. In general, small
values of certainparametersshould occur concurrentlywith relatively small values of other
parameters, and large values should occur concurrentlywith other relatively large values. For
example, low concentrations of radionuclidesin river water would probablyoccur concurrentlywith
low concentrations of radionuclides in fish anddr_g water. However, with independentsampling
of intermediateresults (such as occurredwhen modules sampled intermediatehistograms), large
radionuclideconcentrations in river water might have been coupled with low radionnclide
concentrations in fish and drinkingwater.
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Figure &6. Comparisonto Feasibility Study Doses, 1964-1966

This loss of correlation between code inputs andoutputs resulted in biased dose estimates. The
net result was a general overestimationof the mean and mediandoses for those modes of exposurem

that were handledby the code as several modules that sampled previous output values. An example
of one such exposure pathwaythat was overestimatedby the feasibility study approach is the drinking
waterpathway. The drinking waterpathwayincluded contributionsfrom many different radio-
nuclides. These radionuc!ides'contributionto the full dose depended on many factors,including
source term releases from the reactors, cleanupdue to watertreatnmnt,and radioactivedecay during
holdup. The deterministicand stochastic calculationsperformedin support of this report were
conductedso as to preserve the input and output correlations.

4.2 Key Exposure Pathways and Radionudides

Dose estimate calculations for the three types of representativeindividuals include doses
contributedby the following exposure pathways:

• drinkingwater ingestion
• residentfish ingestion
• shellfish ingestion
• wam_wl ingestion
• salmoningestion
• externalexposure(swimming,boating,andshoreline).

Thecalculationsincludecontributionsmdosefromthefiveprincipalradionuclidesstudiedfor
this report: sodium-24, phosphorus-32, zinc-65, arsenic-76, and neptunium-239. Table 4.4 shows
the contributing pathways and radionuclidesfor the three representativeindividual types at two
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Table 4.4. (contd)

MaximumRipmmsativ.Indiv_lualatPasco

DoseBquivalemby Organ(torero) DoseEcjuivaleatby Pathway(ll_l)Bnu,em)

ResidentR0h

Nuclide RBM LLI FiDE Bxgsgnsl DrinkingWater andWaterfowl Salmon

Na-24 40 2.3% 37 1.3% 44 $.0% 37 91.7% 6.8 12.2% 0.18 0.0% 0 0.0 0 0.0%

P-32 1200 69.6% If00 38.1% 310 35.7% 0 0.0% 3.1 5.6% 310 39.9% 0 0.0 0 0.0%
Zn-65 480 27.4% 530 18.7% 390 45.1% 0.69 1.7% 13 23.5% 380 48.7% 0.34 100.0% 4 100.0%
As-76 7.7 0.4% 660 23.1% 73 8.4% 1.2 3.0% 7.6 13.5% 64 8.4% 0 0.0 0 0.0%

Np-239 3.9 0.2% 540 18.8% 50 5.7% 1.4 3.6% 25 45.2% 23 3.0% 0 0.0 0 0.0%

Total Dose 1700 2900 870 40 56 770 0.34 4
% ofTotalEDE 4.6% 6.4% 88.5% 0.0% 0.5%

4_

Maximum Repreaeo_e Individualat Lower River (Bonneville)

Dose Equivahmtby Organ(tartan) Dose Equival_ by Pathway OEDEnmsm)

P,_idettt Fish

Nuclide RILM ILl EDE Exugmd Dt_akingWator andWststfowl Salmon Shellfish ,

Na-24 0.066 0.0% 0.061 0.0% 0.0?2 0.0% 0.061 I1.5% 0.011 0.I% 0.0004 0.0% 0 0.0% 0 0.0%
P-32 370 60.1% 340 52.2% 96 31.6% 0 0.0% I.I II.I% 95 32.8% 0 0.0% 0 0.0%
Zn-65 250 39.9% 280 43.0% 300 67.4 0.39 74.7% 7.4 76.9% 190 66.6% 0.34 100.0% 4 100.0%
As-76 0.068 0.0% 6.1 0.9% 0.67 0.2% 0.0083 1.5% 0,049 0.5% 0.62 0.2% 0 0.0% 0 0.0%

Np-239 0.18 0.0% 25 3.8% 2.3 0.8% 0.064 12.2% I.I 11.4% I.I 0.4% 0 0.0% 0 0.0%

Total Dose 620 650 300 0.53 9.6 290 0.34 0
% ofTotalEDE 0.2% 3.1% 95.3% 0.1% 1.3%
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T,de 4.4. (contcl)

Occup_oml bpmeamtive Individualat Paaco

Dose Equivs/emby Organ (mmm) ]DcMmEquivslemby Pslhwsy(EDE mmm)

Rem4emFmb

Nuclide RBM LUI EDE 16m_mmmal _ Water msdWMm'f_vl Salmon Shellfids
ii

Na-24 190 67.2% 180 16.4% 210 60.4% 190 91.6% 22 15.7% 0 0.0% 0 0.0% 0 0.0%
P-32 33 11.6% 30 2.8% 8.5 2..5% 0 0.0% 8.5 6.0% 0 0.0% 0 0.0% 0 0.0%
Zn-6.5 43 15.3% 48 4.5% 37 10.7% 3..5 1.7% 33 23.4% 0 0.0% 0 0.0% 0 0.0%
As-76 8.1 2.9% 260 24.2% 34 9.8% 6.2 3.1% 28 19.5% 0 0.0% 0 0.0% 0 0.0%

Np-7.39 8..q 3.0% 560 $2.1% 57 16.7% 7.4 3.6% .50 35.3% 0 0.0% 0 0.0% 0 0.0%

Total Dose 280 1100 340 200 140 0 0 0
% ofTc_lEDE 58.9% 41.I% 0.0% 0.0% 0.0%4_

bmms

_oml itepremstative individual at Lower River (Boemvi_)

DoseEquivslemby Organ(mmm) DoseEquivslemby Pathway(EDE mum)

IUilem Fmh
Nuclide RIB,M L/J EDE EsZemal Ds_aJk_Water andWamcfn_l Salmon Slmllfmh

Na-24 0.3 0.8% 0.27 0.4% 0.32 I-2% 0.29 ll,l% 0.034 0.1% 0 0.0% 0 0.0% 0 0.0%
P-32 lI 30.8% 9.9 16.0% 2.8 10.8% 0 0.0% 2.8 12.0% 0 0.0% 0 0.0% 0 0.0%
Zn-65 24 67.2% 27 42.7% 20 77.7% 2 75.2% 18 715.0% 0 0.0% 0 0.0% 0 0.0%
As-76 0.052 0.I% 1.6 2.6% 0.22 0.8% 0.04 1.5% 0.18 0.7% 0 0.0% 0 0.0% 0 0.0%

Np-239 0.36 1.0% 24 38-2% 2.4 9.4% 0.32 12-2% 2.1 9.0% 0 0.0% 0 0.0% 0 0.0%

Total Dora 36 62 26 2.6 24 0 0 0
% ofTo_lF.DE 9.9% 90.1% 0.0% 0.0% 0.0%



locations: Pasco, Washington, andthe lower river below Bonneville Dam. The 1956-1965 time
period is presentedbecause it is the period of highest dose for all locations and all representative
individual types. As discussed in Section 3.3.3, salmon doses were calculated assuming I picocurie/
gram of zinc-65 in all salmon.

The pathways contributingto effective dose equivalents at Pasco, Washington, varied depending
on the representativeindividual types:

• For the maximum representativeindividual, the largest contributionto effective dose equivalent
came from the ingestion of resident fish containing zinc-65 andphosphorus-32.

• For the typical representativeindividual, the largest contribution to effective dose equivalent
came from the ingestion of treated drinkingwatercontaining neptunium-239, zinc-65,
arsenic-76, and sodium-24, in that order.

• For the occupational representativeindividual, the largest contributionto effective dose
equivalent came from external exposure to sodium-24. However, the dose to occupational
representativeindividuals at locations downriver from Richlandcame from the ingestion of
untreated drinkingwatercontaining zinc-65.

Similar pathways dominatedthe doses calculated for corresponding representativeindividual
types located downstream from Pasco:

• For maximum representativeindividuals, contributionsfrom fish ingestion dominatedthe dose.

• For both typical andoccupationalrep_-esentativeindividuals, contributions from drinkingwater
dominatedthe dose.

The ingestion of shellfish from WUlapaBay accounted for 40 percent of the effective dose to a
typical representativeindividualbelow the Bonneville Dam. However, the 10-years total effective
dose equivalent for such an individual was only approximately 10 millirem (1 millirem/year).

Different radionuclidesdominat_ the effective dose equivalent at Pasco and the Columbia River
downstreamof Bonneville Dam. Doses estimatedfor Pasco show a higher contributionfrom
sodium-24 and arsenic-76 than those estimatedfor downriverlocations. This was because of the short
half-lives of sodium-24 and arsenic-76 (approximatelyone day or less for each). Radioactive decay
resulted in lower concentrationsof these two radionuclides in the river downstream of Pasco.
Zinc-65 and phosphorus-32contribute the most to doses at downstream locations.

4.3 Doses from Ingestion of Salmon and Steelhead

The TSP determinedthat not enough historical measurementsexist on radionuclideconcentra-
tions in Columbia River salmon and steelheadto unequivocallydeterminedoses resulting from
ingestion of these fish over the 1944-1971 time period. Therefore, doses have been calculatedusing
the two approachesdescribed in Section 3.3.3. The first approach relies on the actual historical
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measurementscollected in the 1960s through 1970, and the second approachassumes that salmon and
•steelhead accumulateradioactivityto the level of residentfish.(a)

The second approachwas selected by the TSP because it provided an upper limit for doses from
ingestion of salmon and steelhead. This second approach yields zinc-65 concentrationsin salmon

° ranging from about 1 picocurie/gram to 100 picocuries/gram, whereas the historical measurements
indicate concentrations ranging from the limit of detection (0.1 picocurie/gram) to a maximumof
13 picocuries/gram. This second approach can be considered a conservative method that likely
overestimatesthe actual doses.

Figure 4.7 and Table 4.5 show the effective dose equivalents resulting from salmon or steelhead
ingestion calculatedusing the first and second approaches, respectively. To estimate dose from
Figure 4.7, first determinethe applicable ingestion rate on the horizontal axis, then move vertically to
the line that represents the organ of interest and readthe dose from the vertical axis. For example,
the dose equivalent to the red bone marrow from ingestion of 150 kilograms/year(330 pounds/year)
would have been about2.5 millirem/year.

The doses shown in Figure 4.7 were derived from historical measurementscalculated using the
assumptionthat the salmon or steelhead containedzinc-65 at 1 picocurie/gram. The 1 picocurie/gram
concentrationwas assumed to be true at every location for the entire period (see Section 3.3.3). The
effective dose equivalent was less than 3.5 millirem/year for an ingestion of up to 550 poundsof fresh
salmon per year. The doses were calculated with the assumptionthat all fish were ingested fresh. If
the fish were dried and then stored for several months, the doses would have'been lower by about 5
percent per month.

To estimate dose from Table 4.5, first determinethe applicable ingestion rate from the upper
portion of the table. Then, move verticallydown to the year of interestand readthe dose from that
row. For example, the effective dose equivalent from the ingestion of 100 kilograms (220 pounds) of
salmon or steelhead in 1961 would be approximately 190 millirem/yenr. The doses shown in
Table 4.5 were calculatedusing the assumptionthat salmon and steelhead accumulatedradionuclides
in a mannersimilar to that of resident fish. Becaxmethis approach is location- and time-dependent,
Table 4.5 shows the dose at a specific location (Ringold) for all years (1950-1970). The table shows
that the largestdoses from this pathway occurred in 1958 and could have been as high as 630
millirem/year from the ingestion of over 250 kilograms (550 pounds) of salmon or steelhead.

Figure 4.8 shows the doses that individuals may have received from ingestion of fish from other
locations. The doses presented in this figure are based on the conservative (second) approach and are
likely to be overestimations by a factorof 10 to 100. Doses are shown for several locations for the
years 1950 through 1970. These doses were estimated using the assumption that salmon and steel-

" head accumulateradionuclides in a mannersimilar to that of residentfish. Doses were highest at
Rinl_oldand lowest in the lower river where they were approximately20 to 30 percentof those at
Ringold. All doses were estimatedassuming an ingestion rateof 220 pounds of salmon/steelhead per

' year. Doses for other ingestion rates can be calculated by multiplying the dose shown in the figure

(a) Direction given by the Technical Steering Panel (TSP) at the October 7-9, 1993 meeting held in Richland,
Wuhington.
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by the factor of the actual amount ingested divided by 220, as shown in the following example. The
dose resulting from ingestion of 100 pounds/year of salmon/steelhead in 1958 would be

250 mrem_ • 100 lb_ = 114 na'em/yr (4.1)
220

The doses shown in Figure 4.8 can be considered representative of doses from salmon ingestion
in tributaries of the Columbia River using the assumption that salmon and steelhead accumulate
radionuclides in a manner similar to that of resident fish. A conservative example is where salmon
that migrate to the upper reaches of the Snake River are assumed to have given the same dose as
those at the mouth of the Snake River (shown by the second line from the top in Figure 4.8). The
doses from ingestion of salmon from other tributaries can be determined using the dose for the
location on Figure 4.8 nearest the tributary confluence. Salmon caught above Ringold would not
have concentrations of radionuclides higher than at Ringold.
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Table 4.5. Annual Dose from Consumption of Salmon or Steelhead at Ringold (a)

. Units CommmotionRate

kg/yr 10 50 100 150 200 250
lb/yr 22 110 220 330 440 550

" lb/month 2 9 18 28 37 46

meals/wkCo) 1 4 8 13 17 21

X._ Eff_tive Dose Eouivalent (mrem/vr)
1950 7 35 70 110 140 180

1951 6 32 63 95 130 160
1952 10 50 100 150 200 250
1953 10 50 100 150 200 250
1954 11 55 110 170 220 280
1955 17 85 170 260 340 430

1956 13 65 130 200 260 330
1957 23 120 230 350 460 580
1958 25 130 250 380 500 630
1959 15 75 150 230 300 380

1960 23 120 230 350 460 580
196i 19 95 190 290 380 480
1962 23 120 230 350 460 580
1963 14 70 140 210 280 350

1964 12 60 120 180 240 300
1965 14 70 140 210 280 350

1966 11 55 110 170 220 280
1967 11 55 110 170 220 280
1968 7 36 72 110 140 180

1969 5 26 51 77 100 130
1970 5 26 51 77 100 130

(a) Salmonand steeihead are assumed to accumulateradioactivityin the
mannerof resident fish.

(b) One meal is 230 grams (one-half pound).
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Figure 4.8. Dose from Consumption of 100 Kilograms per Year of Salmon or Steelhead at Selected Locations, 1950-1970
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4.4 Dose from Ingestion of Shellfish

' The doses from ingestion of oysters from Willapa Bay on the coast of Washington State are
shown in Table 4.6. The methods used to estimate the concentrations of zinc-65 in Willapa Bay
oysters are described in Section 3.3.2. This table is read in the same way as Table 4.5. For

" example, the effective dose equivalent from the ingestion of 10 kilograms (22 pounds) of oysters in
1954 would be approximately 6 millirem/year. The largest dose occurred in 1962 and could have
been as high as 26 millirem/year from the ingestion of 20 kilograms (44 pounds) of fresh oysters.

Table 4.6. Annual Dose from Consumption of Willapa Bay Oysters

Units Consumot_onRa_ .....

kg/yr 5 10 15 20
lb/yr 11 22 33 44

oz/wk 3 7 10 14

Ye_ Effective Dose Eauivalent(mre_l_/vr)

1950 2 4 6 8
1951 1 3 4 6

• 1952 1 2 4 5
1953 1 2 3 5
1954 3 6 9 12
1955 4 7 11 14
1956 4 8 13 17
1957 4 7 11 15
1958 4 7 11 14
1959 4 9 13 17
1960 6 11 17 23
1961 5 10 15 20
1962 6' 13 19 26
1963 6 12 18 24
1964 4 7 11 15
1965 3 5 8 10
1966 2 4 6 8
1967 2 4 6 8
1968 2 3 5 7
1969 1 3 4 5
1970 1 2 3 3
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5.0 Model Reliability
4

The Columbia River pathwaycalculational models were analyzed for their reliability in estimat-
ing doses received by representativeindividuals. In additionto extensive testing, the analyses

• included uncertaintyand sensitivity analyses andmodel validation. Uncertaintyand sensitivity
analyses were conductedusing tectmiques(Simpson and Ramsdell 1993) thatwere reviewed by the
TSP and other experts in uncertainty and sensitivity analyses (Hoffman 1993).

• U_ty analyses help to determinethe precision with which dose estimates can be made.

• Sensitivity analyses determine the parametersandpathways that contribute most to the dose and
associated_tim.

• Model validationinvolves the comparison of model estimates with actual measuremenUto
demonstratethe degree to which the model _stimates simulate the way events actuallyoccurr_.
Historical m_muremenmfrom the ColumbiaRiver were used to develop many of the models that
were used to estimate environmentalaccumulationand dose. Data from 1967, however, were
not used to develop these models but reserved for validation studies.

5.1 Uncertainty and Sensitivity Analyses

The Source Term Release River Model (STRRM)(Heel) and Bates 1994)provides distributions
of monthly estimates of the release of the five key radionuclides to the ColumbiaRiver from the eight
single-pass plutonium productionreactors on the HanfordSite. Because these monthly estimates
incorporatethe statistical uncertaintyin the release estimates, this method is called a "stochastic"
method of estimating radionuclide releases. By contrast, the Columbia River transport computercode
(WSU-CI4ARIMA)and the river dose computer code (CRD) provide single monthly estimates without
factoring in statisticaluncertainty (Waiters et al. 1994). The method of estimating radionuclide
releases in these codes is called "deterministic." This distinction is importantto this studybecause
the deterministiccodes do not directly provide uncertaintyresults. Thus, special analyses neededto
be performed to determine the uncertaintiesin the dose estimates and in the parameters contributingto
those uncertainties.

The following subsections explain the techniquesused for uncertainty and sensitivity analyses for
the WSU-CHARIMAand CRD computer codes. Section 5.1.2 then presents the estimationsof
statisticaluncertaintyin the dose assessments of two adult male individual types, the maximum and
typical representativeindividuals. Section 5.1.3 presents the results of a sensitivity (i.e., parameter

" influence) analysis of maximumand typical representativeindividuals, both adult males, living in
Richland, Washington, and downstream in The Dalles, Oregon.

5.1.1 Analysis Techniques

The uncertaintyin the quantity and timing of radionuclidereleases was addressedin the STRRM
model. The concentrations of radionuclides in water were determined using the WSU-CHARIMA
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transportmodel. Prior analyses of WSU-CHARIMAindicatedthat the uncertaintyin concentrations
of radionuclides in water introducedby the p_ modeled with WSU-CHARIMAwas small when
compared with the uncertainty introducedvia the source term itself (Waiters et al. 1994). Therefore,
the uncertainty in water concentrations wu estimatedsimply by propagatingin a linear fashion the
uncertaintyin the monthly releasm throullhthe WSU-CHARIM output. In other words, any
increase or decrease in the source term was modeled u having a direct proportionalincrease or
decrease in the radionuclideconcentrations in the river. This techniqueprovided for an uncertainty
distributionof waterconcentrations that was then used as input to the CRD dose model.

The calculation of dose estimatedby the CRD model requires numerous input parametersbesides
water concentration. These include parameters that describethe relationship between concentrations
in water and concentrations in fish, waterfowl, drinkingwater, and otherpathways by which humans
might be exposed. For the HEDR Project, these parameters were developed from the available
historical measurements. Many thousands of samples of fish, waterfowl, drinking water, etc., have
been collected and analyzed over the history of HanfordSite operations. While these dataalone are
insufficient for use in estimating dose for all limes, places, anddiets, they provided a very strong
statistical databasefrom which to develop appropriatetransfer factors. Use of this databaseallowed
HEDR staff to prepare distributions of the input parameters for CRD. Using the input parameter
distributions thus derived along with the distributions of radionuclideconcentrations in water that
were preparedas described above, I00 estimates of lifetime dose for representative individualswere
prepared. Each of the 100 estimates was madeusing differentinputs of concentration, transfer factor,
and individualexposure. The resulting dose distributiondefines the range of uncertaintycontained in
each individualdose. The inputparametersfor the CRD code and the information on parameter
distributions are documentedin Snyder et al. (1994).

The 100 estimates of dose for the various types of individuals, along with the 100 sets of input
parametersused to calculate them, served as the startingpoint for the sensitivity _mlyses. A stepwise i

multiple linear regression was performedon the results of the 100 calculations and the input parame-
ters. The increase in the coefficient of determinationat each step (when a new parameterentered the
regression)was used as a measure of that parameter's sensitivity (see Hoffman 1993).

5.1.2 Uncertainties in Dose Estimates

Because the CRD computercode is deterministic, doses estimatedusing it directly do not have
an associateduncertainty. In order to provide informationthat could be relatedto the other reported
doses, uncertaintyestimates were prepared for two types of representativeindividuals at two loca-
lions. The two types of individuals were adult referencemales with maximumand typical exposure
patterns. The two locations were Richland, Washington, one of the locations nearest the radionuclide
source, andThe Dalles, Oregon, downstream of the radionuclidesource. Total effective dose
equivalents summed over the time period 1950-1971 were evaluated.

The estimated uncertaintyranges are illustrated in this document using boxplots. A sample box-
plot is shown in Figure 5.1. Boxplots have a box that contains the middle 50 percent of the estimated
values (values between the 25th and 75th percentiles). Within the box, the median (50th percentile)
and meanare shown. The ends of the whiskers (straight lines extending from the box) are the 5th
and95th percentiles, which are the lower and uppersubjective confidence limits of the 90-percent
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lqlP,n'e S.l. Example of a Boxplot Used to Display UncertaintyRangm for
Dose Estimates (adaptedfrom Simpson and Ramsdell 1993)

subjectiveconfidence interval for the dose. The minimum and maximumcalculateddose values are
shown by dots at either end of the boxplot. In the following figures, all of the above descriptors
(minimum, maximum, mean, median, percentiles) are generatedbased on 100 different CRD
estimates.

Cumulative effective dose equivalents over the 22-year period from 1950-1971 for maximumand
• typical representativeindividuals at Richlandand The Dalles are shown as boxplots in Figure 5.2.

Note that the ordinateof the figure is logarithmic; i.e., each interval is a factor 10 times larger than the
one before it. These plots and the doses presented in the appendix indicate that doses to maximum

' representativeindividualscould have been about30 times higher than those to typical representative
individuals. The doses were higher upstreamat Richlandwhen compared to The DaUes for both types
of individualby abouta factorof 2.5, The 90-percentsubjective confidence interval for each dose
ranges over a factor of 4; i.e., the 95th percentile is about four times higher than the 5th percentile.
The 50-percent subjectiveconfidence interval (the middle two quartiles) is well under a factor of 2.
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Figure 5.2. Uncertainty in Effective Dose Equivalent for Two Types of Individuals
at Richland, Wmhington, and The Dalles, Oregon, 1950-1971
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The cumulativeeffective dose equivalentshown in Figure 5.2 is made up of the weighted sum of
doses to a numberof organs. Figures 5.3 and5.4 show uncertaintiesin doses to two organs of inter-

' est. Figure 5.3 illustrates the uncertaintiesin dose to the lower large intestine, the organ receiving
the highest dose in the body. Figure 5.4 illustratesthe uncertaix._ in dose to red bone marrow.
Comparisonof Figure 5.3 with Figure 5.2 shows that there is more variability in the uncertaintyof

' dose to the lower large intestine than there is to the effective dose. This is because the dose to the
lower large intestine is dominatedby contributionsfrom the shorter-livedradionuclides. Doses and
un_es for The Dalles are smaller than for Richland, larllelybecause the longer travel time to
The Dalles allows the decay of the shorterhalf-life radionuclides,sodium-24, arsenic-76, and
neptunium-239. The uncertainties in dose to red bone marrowshown in Figure 5.4 more nearly
conform to the effective dose equivalent because redbone marrowdoses are dominatedby the longer-
lived radlonuclides, phosphorus-32andzinc-65. Because there is relatively little radioactivedecay of
these radionuclides during the transit time from Richlandto The Dalles, the main source of dose
decreasecomes from dilution by inflowinil Columbia River tributariessuch as the SnakeRiver.

The cumulative effective dose equivalent shown in Figure 5.2 is made up of contributions from
several exposure pathways. Each pathwayhas uncertaintyassociatedwith it. The Uncertaintiesin the
22-year cumulative dose for the calculatedexposure pathways for the maximum individual at Richland
are shown in Figure 5.5. This figure shows that total dose is controlled by the ingestion of resident
fish andwaterfowl. The pathwaywith the greatestuncertainty is the dose from ingestion of salmon,
for which the 90-percentsubjective confidence interval ranges over a factor of 30 (from 0.12 to
3.65 mJlliremover 22 years). However, the absolute magnitudeof the dose received by salmon
ingestion is so small that it contributesleas than I percentto the total dose. This indicates that while
the HEDR Project is quiteuncertainabout the dose from salmon insestion, additional efforts to refine
the salmon dose are not warranted.

The uncertaintiesabout the pathwayscontributingto dose for the maximumindividual at The
Dalles are shown in Figure 5.6. The uncertaintiesabout the minorcontributors of externaldose and
drinkingwater dose are less than those for Richland because the short-lived radionuclides have
decayed. The uncertaintiesfor shellfish andsalmon are the same as for Richlandbecause these foods
came from the same sources at both locations. The absolute dose from residentfish and waterfowl is
somewhatlower at The Dalles than in Richlandbecause there is more dilution, but as the contributing
radionuclidesare the same, the range of uncertaintyis about the same at both locations.

5.1.3 Key Model Parameters

Individualdose is made up of the sum of the contributions from multiple radionuclides over mul-
tiple exposure pathways. Different types of individuals, exposed via differentpathways, will have
different doses influencedby differentparameters. The purposeof a sensitivity analysis is to deter-

' mine which parametershave the greatest influenceon the uncertainty. Thus, each type of individual
at each location requires a separatesensitivity analysis to precisely determinethe key parameters.
The results of the sensitivity analysis for the maximumand typical representativeindividuals at the
near-source(Richland)location and the downstream (The Dalles) location are presentedin this
section.
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The uncertainty in the final dose is because of the contributionsfrom the uncertaintiesin both
the pathways and individualradionuclides. This is illustratedin Figure 5.7, which shows the
unc4_wtin_about the total effective dose equivalent for a maximumrepresentativeindividual at
Richland. The uncertaintyin calculations of the total effective dose equivalent is apportionedas
follows. Pie chart(A) shows the relative contributionto unc_,ainty in the effective dose equivalent
from &senic-76, phosphorus-32, and ziig-65. The largest contributorto the uncertaintyinvolves dose
from arsenic-76, followed by doses from phosphorns-32 and zilg-65. The uncertaintiesfrom the
remainingradionuclides contributeonly a smtll amountto the total uncertaintY. Pie charts (B), (C),
and (D) show a breakdownby pathway of the uncertaintiesin the total dose for ear,Itradionuclide.
As shown in pie chart (B), the parameterwith the largest sensitivity in the component of dose from
arsenic-76 is the holduptime between catching and insesting residentpredatoryfish. The second
most semitive parameter is the water-to-fish bioconcentrationfactor. Pie chart(C) shows that the
parameterwith the largest sensitivity in the component of dose from phoaphoms-32 is the variability
of the factor for conversion of inSested amountto dose, followed by the bioconcentrationfactors for
waterfowl andfish. The ulgertainty in dose from zilg-65 shown in pie chart(D) is largely a result of
the uncertainty in the ingestion dose conversion factor.

The contributionsof particularparameters.to uncertainty, shown in pie charts (A), 03), (C), and
(D), are summarized in pie chart (E). Pie chart(E) shows that for a maximumindividual in
Richland, the input parameterwith the largest influenceon uncertainty is the ingestion dose conver-
sion factorfor zinc-65. The next largest influences are caused by the ingestion dose conversion factor
for phosphorns-32 and the holdup time from time of catch to ingestion of predatorfish. The holdup
time from catch to ingestion for predatory fish is next. It is apparentfrom this pie chart that many
factors combine to define the final uncertainty. However, five paramete_ together account for
75 _ of the total uncertainty.

Pie duma are presented for both maximum andtypical representativeindividualsat Richland and
The Dalles. The results of the sensitivity analyses for effective dose equivalent are shown in
Figure 5.8. Note that the pie chart for a maximum individual in Richland, shown in the top left of
Figure 5.8, is pie chart (E) described in Figure 5.7. Figure 5.8 shows that the factors contributingto
overall uncertaintyvary between the maximum andtypical representativeindividuals at a single
location. The factors contributingto overall utr.m_ain_ for a given representativeindividualtype are
also dependenton the location of exposure. Um:ertaintieain the dose received by a maximum
individualat Ric_and andThe Dalles are both dominatedby contributionsto the dose from zinc-65,
but the percentage contribution is differentat the two locations.

Figures 5.9 and 5.10 provide similar sets of pie charts showing uncertaintYin doses to the lower
large intmtine (the organ with the largest dose) and red bone marrow, respectively. The parameters
for dose conversion factor, holdup, andbiocolgentration factors are all importantcontributors to the
overall uncertainty. Each has a differentdegree of importance depending on the location and mode of
exposure of the reference individual.
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$.2 Model Validation . .

• Model validationof the WSU-CHARIMAand CRD computercode consists of comparing
historical measurementsto model estimations in three areas: dose model inputs .(i.e., source term,
transport,andbioconcentrationfactor data input to the codes) for radionuclideconcentrations inw

water, fish, and shellfish; reference individualdoses (using measuredwhole bodyburdens) for an
adult male living in Richland, Washington;and real individualdoses (using a well-documented
individual's intake of zinc-65 in Columbia Rive. whitefish). Napier et al. (1994) present a complete
summaryof the validation exercises conductedfor the HEDR Project.

5,2.1 Validation of Dose Model Inputs

Model input datawere validated for the WSU-CHARIM code for concentrations of
radionuclides in water and for the CRD code for concentrations in fish andWfllapaBay oysters.

Concentration of radionuclidesin waterdepends on both.the source term and transportcalcula-
tions. A direct comparison of estimated values and historical measurementshas been made with the
WSU-CHAR/_ modeling outputs. Validation of those outputs serves as indirect validation of the
river source term release model, STRRM, as well as WSU-CHARIMA itself. Computed concentra-
tions of radionuclides in Columbia River water were compared with the monthly grab andcomposite
water samples taken at various sampling locations. A complete description of the comparisons for
each radionuclideat each location for the years 1960 through 1970 is provided in Waiters et al.
(1994). The estimated andmeasuredvalues for the composite samples (which best approximate the
monthly averaging used for the simulation)trackvery well. The estimatedvalues always fall within
the scatterof the availablehistorical measurementsfor each month. Estlm_ and measured values
are always well within a factor of 2 of each other. Similar results are obtainedwith the grab samples.
The overall un_ztainUes in the estimated river water concentrationsare small and are dominatedmore

by the uncertaintiesin the source term from STRRM than by the uncertaintiesin the transport
calculation.

The concentrationof radionuclides in fish depends on the source term and transport estimates,
andon the bioco_ation modeled in CRD. Direct comparison of estimatedvalues to historical
measurements was made with CRD intermediateoutputs. Validation of thc.,e outputs serves as
indirectvalidation of the river sour_ term and transport models.

Ratios were madeof the estimated concentrationsof radionu¢lidesin three general types of fish
to the averageof those measured in the Ringold, Kennewick/pasco, and Snake/WallaWalla River
segments of the Columbia River. Analyses were performed for each month, location, and species.
The radionuclide concentrationsin the measuredsamples were quite variable, often ranging over two
orders of magnitudefor a given type of fish at a given location for any one month.

Estimatesfor sodium-24 were calculatedfor the Ringold segment of the Columbia River, theo

only location for which measurement datawere available. The average of monthly ratios of the
mtimated value to the mean measured value is 0.77, indicating that for the year 1967 the estimates
were about26 percent lower than the historical measurements (Napier et al. 1994).
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Estimms for phoaphorus-32 m Ringold were similar to those for sodium-24. The annual
averap ratio of monthly phoaphorus-32 utimm_mNmmmm_ was 0.76. Howwer, the estimam//
meuumd ratio for phosphorus-32 was not as close at oth& locations, _ing a maximumof 17 for
omnivorous fish in the _ick/Pasco s_nm_ of the river. Overestima_ were hilhmt in the
early portion of the year, when the "cool season" bioconcentrationfactor wu used. Estimates were
closer to the meU_ts in the other months. Thb pattern was similar, but much less pronounced,
for the other fish types and other locations. The initial dm used to dwdop the cool season
phoaphorns-32 bioconcentrationfactor were __dy variable (the _ confidence intervalof
the resulting bioconcentrationfactor covers two orde_ of magnitude), so some variabilityof this type
should be expected. In addition, the ovemltin_/on appearedto be highest for the Kennewick/Pasco
location. All fish from thb location were caughtat a sampling area known as bland View, near the
mouth of the Yakima PAver. It b possible that the fish at thin location were living largely in water
from the YakimaRiver, andthus were not as highly exposed as the modelestimated.

The model appearedto slightly overestimate the bioconcentrationof zinc-65. Compared to
historicalmeasurementsfrom 1967, for all fish types at all locations, the model overestimated the
average monthly concentrationsin fish by abouta factor of 3, althougha few monthly averageswere
underestimatedby the model. The overmtimates were highest for omnivorous fish in the cooler
monthsand also appeared to be highest for the Kennowick_asco locattion. As was the case with
phoaphorns-32, all fish from Kennewick/Pasco were caught at the Island View location. This
supports the suggestion that th,_th_ at thb location were living largely in water from the Yakima
River and thus were not as highly exposed as assumed by the model.

Concentratiom of zinc-65 in Pacific Ocean shellfish (oysters) were preparedas anmudaverages
for application to all locations became the major source of contaminationin the shelli_th is a chronic,
dilute source in the Pacific Ocean. "I'Mconcentratiom are bated on anmmlcumulative source terms
andthe historical measurementsfrom Willapa Bay oysters. Data are availablefor every year in the
decade of the 1960s. Most of these datawere used to develop the functionalrelationships, but the
1967 data were reserved for validation. The model estimate is within 40 percent of the 1967 mea-
surenamts. For the entire decade of the 1960s, the modd rmulted in an underestimationof about
10 percent below the measurenmnts. The CRD implenmntationof this modal is based on the simple
relationof emissions to concentrations inoysters for the period prior to the initiation of the measure-
ments. For the period 1959 through 1971, the published summaries of environmentalmeasurements
are used in the CRD calculations, so the dose estimates for thb periodare based directly on measured
data, not on the approximationof the model. The model estimates are used only for the period prior
to 1959.

5.2.2 Validation of Rdm'a_ Individual Doses

Tens of thousands of whole body radioactivitymeas_ have been made on Hanford
workers employed in Henford operatiom from 1959 to the present. Almost all of the whole body
counts taken during the period of reactoroperationindicate the presence of Hanfordoriginated
zinc-65 andsodium-24 (Swanberg 1962). The river dose model incorporatedin CRD was used to
obtain the monthly intakevalues for the Richlandlocation. Intake for a reference adult male indi-
vidual living in Rich/and was used. For the purposeof model validation, body burdel3, rather than
dose, of the radionudides was estimated. This provided indirectvalidation of the sour_oterms and
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the WSU-CHARIMAtransportmodel u well as the CRD formulation. Use of the Richland individ-
. ual allowed an additionalcomparison to be made. The Richland Columbia River water treaunent

plant initiatedoperations in October 1963 anda step increase in body burdenwas anticipatedfor this
date. The reference adult male used in the calculations was assumed to live in Richlandand to ingest

. I liter per day of treated ColumbiaRiver water while at home. Uptake and retention in the body
were modeled using the parametersused by the InternationalCommission on Radiological Protection
(ICRP)in developingtheingmtiondose factors used in the CRD code. The comparison is made with
the distributionof body burdens in the complete database.

The result of the comparison of measuredwhole body counts and model estimations for
sodium-24 is shown in Figure 5.11. Figure 5.11 shows the comparison of just the median
melmn'eme_ with the model estimates. The model estimate assumesingestion beginning when the
IUchlandwater source became available in October 1%3. The figure shows that before October 1963
there wu little exposure of the workers to sodium-24 from routinely recurringsources such as
drinkingwater. Starting in late 1%3, the estimates comparewell in both magnitudeand temporal
patternwith the measurements. The greatest single monthlydeviation of measured versus estimated
body burden is a factor of 4, and the long-term ratio of estimates to measurementsis 1.40. The
HEDR estimations, with few exceptions, fall between the 25th and75th percentiles of the measured
distributions andalways fall within the range of the measureddata.

Figure 5.12 shows the comparisonof measured whole body counts andmodel estimates for
zinc-65. Following the October 1%3 startupof the Richlandwater treatmentplant, the calculated
body burdenof zinc-65 rose to very closely follow the median of the measuredvalues. The long-
term average ratio of estimateto measurementis 1.39.

$.2.3 Validation of Red Individmd Dram

An experiment was conductedby Hanford scientists between January 1%2 and late 1%3, in
which a single investigator ingested whitefish containing measuredquantifiesof zinc-65 from the
ColumbiaRiver at regularintervals (Foster and Honstead 1967). His body burden of zinc-65 was
then measuredweekly. The body burdens reportedin Foster andHonstead (1967, p. 41) also appear
in the Hanforddatabase. They are among the highest recorded andare the highest in the databasefor
the entire period of the experiment, making them easy to extractfrom the Hanfordhistorical
mmsurenmm base.

For use in validating the HEDR model, the course of the experiment was simulated as an
individual ingesting 220 gran_/week of Richland white-fish(the average amount reported in the
description of the experiment)"in additionto 1 liter/dayof treated Columbia River water. As shown

• in Section 4.2 (Table 4.4), these are the two most importantexposure pathways for a maximum
representativeindividualat Richland. The concentrationsof zinc-65 in the whitefish were estimated
using the bioconcentration factors derived for the HEDR Project. Body burden was estimated using

, the same uptake andretentionparametersused by the ICRP in developing the ingestion dose factors
used in the CP,J) code.

The results of the estimate are compared to the measurements(reportedand in the Hanford
database)in Figure 5.13. The estimatedand measured lines are very similar and agreementcould
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6.0 Conclusions

• Reliable and useful doses andtheir uncertaintieshave been recomtructed for possible exposures
: of representativeindividuals from historical releases of materials from the Hanford Site.

• "finemost important means of exposure via the river pathwaywas consumption of residentfish.

• The most importantcontributorsto dose were zinc-65 and phosphorus-32, respectively, released
from the single-pass reactors.

• The highest estimateddose was from residentfish caught in the Columbia River at Ringold,
downstreamof the Hanford reactors.

• The highest estimated dose was to an adult consuming 40 kilograms (90 pounds)of residentfish
from the Columbia River at Ringold (median dose of 140 miUiremto the whole body for 1960).

• The highest estimated dose to a typical adult was accumulatedduring the 1956-1965 time period
with 1960 being the highest year (mediandose of 5 miUirem) at Pasco, Washington.

• The most importantcontributors to uncertaintyin the dose estimates were the dose factor and the
bioconcentrationfactors, respectively. . .

• Represea_tiveindividual doses included in this reportallow individualsusing the Columbia
River commercially, for recreation, or as a source of wateror foods to estimate their doses.

This report is the culminationof technical work performedto reconstructdoses that may have
been received by persons who used the Columbia River from 1944 through 1992 for food, recreation,
or commercial purposes. It summarizes the efforts to estimate 1) the quantity andtiming of releases
of radioactive materials to the river, 2) the tramport, dilution, and decay of radioactive materials from
the release points to the vicinity of Portland, Oregon, 3) the accumulationof radioactive materials in
Columbia River water, fish, waterfowl, andoysters exposed to the Columbia River and adjacent
ocean bays, and 4) the doses that representativeindividualsmay have received from 1944-1992.

The HEDR Project staff have been able to identify and retrievesufficient historical information
to reconstruct, throughcomputermodeling, the operational history of each of the eight Hanford
single-pass production reactors. The results ofthis modeling along with recorded effluent monitoring
and analyticaldatahave been sufficient to quantifyrelease of radioactive materials to the Columbia

• River. The modeling and historical measurements also have been adequate to identify and quantify
the major sources of uncertaintyboth in the variability of parameters needed for calculations and in
areas where informationwas missing.

Historical environmentalmeasurementsand the river transport code WSU-CHARIMAhave been
used to reconstructthe seasonal and dam-controlled flows of the Columbia River over the period of
reactor operations, 1944-1971. Validation studies using environmentalhistorical measurementshave
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demonstratedthe acceptabilityof using the computercodes to estimate radioactivityconcentrations in
the river for importanttimes andlocations.

The use of historical environmentalmeasurementsalone was inadequatefor determining
concentrations of radioactive materials in fish, waterfowl, andoysters affected by the Columbia River
for times andlocations of interest. However, the use of historical environmentalmeasurementsfor
fish along with concentrationsof radioactive materials in the river water calculated by the WSU-
CHARIMA code have been adeotu_,.teto determinebioconcentration factors for fish for times and
locations of interest. Historicrdenvironmentalmeasurements for shellfish were adequate for dose
estimating. There was sufficient int0rmationto quantifythe variability of bioconcentration factors
and to quantify the uncertainti_ of the historical measurements.

The reconstructionof concentrationsof radioactivematerials in Columbia River water, fish,
waterfowl, and shellfish affected by the Columbia River and the determinationof uncertaintiesin the
estimates provide a sound basis for estimating doses that persons may have received from exposure to
river media. Models and other parametricvalues necessary for estimating doses were summarized
from open literaturepublications and have been peer-reviewed.

Results of independenttesting of computer codes, statistical analyses of data, uncertainty
analyses, sensitivity analyses, and validation studies demonstrate that the reconstructionof reactor
operations, releases of radioactive materialsto the river, transportof radioactive materials in the
river, accumulationof radioactive materials in biota exposed to the Columbia River, and estimation of
doses to representativeindividualsfrom use of the river and associatedmedia are appropriateand
fully meet HEDR Project objectives.
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Appendix
m

Summary of Estimated Columbia River Doses

The doses to the three different representativeindividualtypes are presentedin this appendix.
The parameu_ thatdescribe the representativeindividualsare presen_ in Section 3.4.3. The doses
are presented as dose equivalentfor red bone marrowand lower large intestine and as effective dose
equivalent. All doses are in units of millirem for the effective dose equivalent. Both monthly esti-
mates for each of 253 months and annualtotals are provided for the period 1950 through 1971. For
the red bone marrow andlower large intestine, doses est_nated are presentedas annualtotals. Doses
are calculatedfor twelve specific river segments. The segment name_and approximatelocations are
as follows:

I. Ringold (from below reactorareas to north of Richland)
2. Rich_land(from north of Richlandto above the Yakima River)
3. Kennewick_asco (from below the Yakima River to the SnakeRiver)
4. Snake/WallaWalla rivers (from below the Snake River to nearMcNary Dam)
5. UmatiUa/Boardman(from near McNary Dam to near Arlington, Oregon)
6. Arlington (Arlington, Oregon vicinity)
7. John Day Dam/Biggs (from below Arlington, Oregon, to near Biggs, Oregon)
8. Des_utea Riwr (Deschutes River mouth vicinity)
9. The Dalles/Celiio (The Dallea/Celilo vicinity)
10. Klickitat River (Klickit_tRiver mouth vicinity)
11. White Salmon/_e Locks (from White Salmon River to Bonneville Dam)
12. Lower River (from below Bonneville Dam to Columbia River mouth)
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Table A.1. MaximumRepresentativeIndividual- Effective Dose Equivalent
(millirem per month and millirem per year)

.

Lo_tioa

Month/Year 1 2 3 4 5 6 7 8 9 10 11 12

JAN50 4.4 4.1 4.3 3 2.9 2.7 2.6 2.5 2.5 2.3 2.1 1.6 "

4 3.7 3.8 2.4 2.3 2.2 2.1 2 2 1.9 1.8 1.4
MAR.q) 2.4 2.1 2.2 1.2 1.1 1 0.94 0.89 0.87 0.81 0.75 0.45

APR$0 1.7 i .5 1.6 0.84 0.78 0.72 0.67 0.6.5 0.64 0.61 0.57 0.46
MAY50 0.91 0.83 0.92 0.58 0.53 0.5 0.48 0.46 0.46 0.44 0.41 0.32
JUN50 0.86 0A3 0.85 0.6 0.59 0.58 0.56 0.56 0.55 0.54 0.53 0.48

0.99 0.95 0.99 0.85 0.81 0.78 0.76 0.75 0.74 0.73 0.7 0.61

AUG50 2.3 2_. 2.3 1.9 1.8 1.7 1.6 1.6 1.6 1.5 1.5 1.1

SBP50 3.8 3.6 3.7 2.9 2.7 2.6 2.5 2.4 2.4 2.3 2.2 1.7

OCT50 5 4.8 4.8 3.4 3.2 3.1 3 2.9 2.9 2.8 2.6 2.3
NOV50 6.9 6.6 6.4 4.3 4.2 4 3.9 3.7 3.7 3.5 3.4 2.9

DF.C50 4.3 4.1 4 2.7 2.6 2.5 2.4 2.3 2.3 2.2 2.1 1.9
1950 38 35 36 7-5 23 22 22 21 20 20 19 15

JANSI 2.4 2.3 2.3 1.7 1.6 1.5 1.4 1.3 1.3 1.3 1.2 0.71
FEILqI 2 1.9 1.9 1.2 1.1 1.1 1 0.95 0.94 0.9 0.86 0.59

MAIL51 1.7 1.5 1.6 0.98 0.86 0.77 0.71 0.67 0.65 0.61 0.55 0.37
API_I 1.1 1 1.1 0.58 0.53 0.49 0.45 0.43 0.42 0.4 0.38 0.3

MAY51 0.42 0.33 0.43 0.29 0.27 0.7.5 0.24 0.24 0.23 0.22 0.21 0.18
JUNSI 0.91 0.87 0.9 0.7 0.67 0.64 0.62 0.61 0.61 0.59 0.58 0.53

/UIL_I 1.1 1.1 1.1 1 0.95 0.91 0.88 0.87 0.86 0.84 0.82 0.74
AUOSI 2_ 2.4 2.4 2 1.9 1.8 1.8 1.7 1.7 1.6 1.5 1.3

$]mP51 4.8 4.6 4.7 3.7 3.5 3.3 3.7. 3.1 3 2.9 2.7 2.3
OCTal 3.8 3.6 3.7 2.7 2.6 2.5 2.4 2.3 2.3 2.2 2.2 1.7

NOVSI 5.4 5.2 5.3 3.6 3.5 3.4 3.3 3.1 3.1 3 2.9 2.1
DBCSI 2.8 2.7 2.8 1.9 1.8 1.7 1.7 1.6 1.6 1.5 1.4 0.83

1951 29 28 28 20 19 18 18 17 17 16 15 12

JAN52 3.4 3.7. 3.4 2.5 2.3 2.2 2.1 2 2 1.9 1.8 1.2
Flgi132 2.5 2.3 2.4 1.5 1.4 1.4 1.3 1.2 1.2 1.2 1.1 0.7

MAR.52 1.9 1.6 1.8 1.1 0.97 0.87 0.81 0.76 0.75 0.69 0.63 0.42
AJqt$2 1.4 1.2 1.3 0..52 0.46 0.42 0.311 0.37 0.36 0.34 0.31 0.24

MAY$2 0.57 0..52 0.59 0.32 0.29 0.27 0.25 0.25 0.24 0.23 0.22 0.18
JUN52 0.86 0.82 0.86 0.6 0.57 0.5.5 0..53 0..52 0.52 0.51 0.49 0.44

1.6 1.5 1.6 1.3 1.2 1.1 1.1 !.1 1.1 I 0.97 0.84

AUG52 2.2 2.1 2.1 1.7 1.6 1..5 1.5 1.4 1.4 1.4 1.3 I. 1
$£dLa52 4.3 4.2 4.2 3.1 2.9 2.7 2.6 2..5 2.5 2.3 2.2 I. 7
OCT52 8 7.7 7.7 5.5 5.2 4.9 4.8 4.5 4.5 4.2 3.9 3
NOV52 9.2 8.9 8.8 6.4 6.1 5.9 5.7 5.4 5.3 5.1 4.9 5.4

DEC52 6.9 6.5 6.7 4.8 4.6 4.3 4.2 3.9 3.9 3.7 3.4 2.9

19.52 43 40 41 29 28 26 25 24 24 23 21 18

/AN.53 7.8 7.4 7.1 4.1 3.8 3.6 3.4 3.1 3.1 2.8 2.5 0.98

l:]_d_3 4.5 4.3 4.2 2.7 2..5 2.4 2_2 2.1 2.1 2 1.9 1.1
MAR$3 2.5 2.2 2.4 1.$ 1.3 1.2 1.1 1 0.98 0.9 0.81 0..53

APR53 1.5 1.4 1.5 0.87 0.74 0.64 0.58 0.55 0.53 0.49 0.44 0.3 I

MAY53 1.6 1.5 1.6 0.83 0.72 0.63 0.57 0.55 0.53 0.5 .0.45 0.32
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Table A.I. (contd)
o

Location

_em' 1 2 3 4 5 6 7 8 9 10 11 12

" JUN53 1.1 1 1.1 0.71 0.68 0.6,5 0.63 0.62 0.61 0.59 0.58 0.51

JUI,53 1.6 1.,5 1.5 1.2 1.1 1.1 1 1 0,99 0.97 0.92 0.8
&UG.53 3.9 3.7 3.8 3.1 2.8 2.6 205 2.4 2.3 2.2 2.1 1.7
9EP53 4.8 4.5 4.6 3.7 3.4 3.1 3 2.8 2.8 2.6 2.5 2

OCT53 5.8 5.,5 5.6 4.3 4 3.8 3.6 3.5 3.4 3.2 3.1 2.4
NOV53 10 9.5 9.1 6.4 4.7 4.6 4.5 4.2 4.2 4 3.9 2.7

DSC53 6 5.6 5.5 3.7 2.7 2.7 2.6 2.4 2.4 2.3 2.2 1.1
19_ 51 48 48 33 29 27 26 24 24 23 21 14

JAN54 6.6 6.2 6 4.2 3.1 3 2.9 2.7 2.7 2.5 2.4 1.3

FBB54 6 5.6 5.4 3.2 2.7 2.7 2.6 2.4 2.4 2.3 2.2 1.4
MAR.54 3.9 3.4 3.3 2 1.3 1.3 1.2 1.1 1.1 1.1 1 0.79
APR,54 4.2 3.7 3.5 1.6 1.1 1.1 1 0.99 0.98 0.94 0.91 0.71

MAY54 1.6 1,4 1.5 0.86 0.68 0.6,5 0.63 0.62 0.61 0.6 0:57 0.52
JUN54 1.7 1.6 1.7 1.3 1.2 1.1 1.1 1.1 1.1 1.1 1 0.95

JUI,54 1.9 1.8 1.8 1.6 1.4 1.3 1.3 1.3 1.3 1.3 1.2 1.1
AUG,54 3.8 3.6 3.7 3.1 2.5 2.4 2.4 2.3 2.3 2.2 2.2 1.9

SEP$4 5.7 5.5 5.4 4.3 3.4 3.3 3.3 3.2 3.1 3.1 3 2.6
OCT54 7.9 7.5 7.3 5.3 4.3 4.2 4.2 4 4 3.9 3.7 3.1
NOV54 9.2 8.8 8.6 ' 6.3 5.4 5.4 5.3 5.1 5 4.9 4.8 3.9

DBC,54 5.8 5.5 5.6 4.1 3.4 3.3 3.3 3.1 3.1 3 2.9 2.2
1954 $8 55 54 38 30 30 29 28 28 27 26 21

JANS,5 6.3 $.9 5°9 4.3 3.2 3 3 2.8 2.8 2.7 2.5 1.7
PHil55 3.8 3.6 3.6 2.8 2.4 2.4 2.4 2.3 2.3 2.2 2.2 1.7
MAR,5,5 4.4 3.9 3.8 2.7 1.7 1.6 1.6 1.5 1.5 1.4 1.4 0.98

APR$$ 4.4 3.9 3.7 2.1 1.4 1.4 1.3 1,3 1.3 1.2 1.2 0.85
MAY$$ 5.4 4.7 4.5 2 1.4 1.3 1.2 1.2 1.2 1.1 1.1 0.88

JUN55 3 2.9 2.9 2 1.8 1.8 1.8 1.7 1.7 1.7 1.7 1.6
/UI_5 2 1.9 1.9 1.6 1.4 1.3 1.3 1.3 1.3 1.2 1.2 1.1
AU(3,55 4.7 4.4 4.4 3.6 2.7 2.6 2.5 2.4 2.4 2.4 2.2 1.9

$BP55 6.3 6 5.8 4.5 3.,5 3.5 3.4 3.3 3.3 3.2 3.1 2.8
OCT_$ 11 *10 9.8 7 $.5 5.4 5.3 5 5 4.8 4.6 3.4
NOV$$ 13 12 12 8.4 7.2 7.1 7 6.7 6.7 6.5 6.4 4.3

DBC.5$ 9.7 9.2 8.5 5.2 4.4 4.3 4.2 3.9 3.9 3.7 3.6 1.9
1955 74 69 66 46 37 36 35 33 33 32 31 23

JAN56 7.4 6.9 6.6 4.1 3.3 3.2 3 2.8 2.8 2.6 2.5 1.4
PEB_ 7 6.6 6.5 4.3 3.6 3.5 3,4 3.2 3.2 3.1 3 2,2

• MAR56 5.9 5.3 4.8 2.5 1.9 1.8 1.7 1.6 1.6 1.6 1.5 1.1
APR.56 2.6 2.4 2.4 1.3 1.1 1 0.96 0.93 0.92 0.89 0.87 0.74

MAY56 1.3 1.2 1.3 0.81 0.67 0.64 0.61 0.6 0.59 0.57 0.55 0.49
JUN56 2 2 2 1.5 1.4 1.3 1.3 i .3 1.3 1.2 1.2 1. I

JUI,56 3.3 3.2 3.3 2.7 2.3 2.2 2.2 2.1 2,1 2.1 2 1.8
&UG56 6.9 6.6 6.5 5.1 4 3.9 3.8 3.7 3.2 3.6 3.4 3 "
SHP56 9.4 9 8.6 6.4 5.1 5 5 4.7 4.7 4.6 4.5 3.9

7.9 7.5 7.3 5.1 4.4 4.4 4.3 4.1 4.1 4.1 4 3.5
NOV56 13 12 12 8 6.4 6.2 6.1 5.7 5.7 5.5 5.4 4
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Table A.I. (contd)

Momh/Y_r 1 2 $ 4 5 6 7 8 9 10 11 12

DHC56 8 7.4 7 4.6 3.7 3.6 3.$ 3.3 3.3 3.2 3.1 2.2
1956 75 70 68 46 38 37 36 34 34 33 32 26

JAN$7 7.8 7.2 7.1 5.2 3.7 3.5 3.4 3.3 3.3 3.1 2.9 2.1
1q_157 7.5 6.8 6.7 4.3 3.3 3.3 3.2 3 3 2.9 2.8 2.1

MAR57 6.4 5.5 S 2 1.2 1.1 1 0.95 0.92 0.88 0.84 0.53
Alqt57 6 $.2 4.8 2.I 1.3 1.2 I.I I.I I 0.98 0.97 0.77

MAY$7 1.8 1.6 1.7 0.94 0.72 0.69 0.65 0.63 0.61 0.59 0.56 0.5

JUN$7 2.2 2.1 2.2 1.6 1.3 1.2 1,2 1.2 1.1 1.1 1.1 0.99
JUL$7 5.5 5.3 5.3 4.2 3.3 3.2 3.1 3 2.9 2.8 2.7 2.5

AUG$7 10 9.7 9.4 7.3 $.5 5.3 5.2 4.9 4.7 4.6 4.4 3.9
$EP$7 14 13 13 8.8 6.9 6.7 6.6 6.2 6 5.9 5.7 4.9
OCW$7 15 14 13 9.2 7.5 7.4 7.3 6.8 6.6 6.4 6.2 5.3

NOV$7 20 19 18 13 11 10 10 9.5 9.3 9.1 8.8 7

DBC$7 .16 15 15 9.6 7.5 7.4 7.1 6.6 6.5 6.3 6.1 3.7
• 1957 110 110 100 68 53 $1 50 47 46 45 43 34

JAN58 13 12 11 7.3 4.8 4.6 4.4 3.9 3.7 3.4 3.2 1.6

FEB$8 12 11 10 5.6 4.6 4.6 4.3 3.9 3.9 3.7 3.6 2.2
MAJP.S8 6 ' 5.3 4.7 2.7 1.5 1.4 1.3 1.2 1.2 1.1 I. 1 0.82
ALSO8 6.9 6.2 5.8 2.9 1.9 1.8 1.7 1.6 1.6 1.5 1.5 1.2

MAY58 3 2.8 2.8 1.5 1.1 1 0.97 0.93 0.91 0.87 0.84 0.76

JUN$8 3 3 3 2.2 1.8 1.8 1.7 1.7 1.6 1.6 1.$ 1.4
JUL$8 8.1 7.8 7.7 6.2 4.7 4.5 4.3 4.1 4 3.9 3.7 3.2

AU(_q8 11 10 9.9 7.7 5.6 5.5 5.4 5.1 $ 4.8 4.7 4.1
SEI_J8 10 9.9 9 6.2 4.7 4.6 4.6 4.3 4.2 4.1 4 3.5

_'T$8 17 16 1$ 10 7.7 7.5 7.3 6.8 6.5 6.3 6 4.7
NOV58 20 19 17 11 9 8.8 8.7 8.1 8 7.8 7.6 5.4

DB_8 12 11 11 6.2 4.9 4.8 4.7 4.4 4,3 4.1 4 2.9
1958 120 110 110 70 52 $1 49 46 45 43 42 32

JANS9 8.8 8.4 7.6 4.7 3.4 3.3 3.1 2.9 2.8 2.6 2.5 1.6

FEB59 9.5 8.9 8.2 5.3 4 3.9 3.8 3.2; 3.4 3.3 3.1 2.1
MAR_ 5.9 $.4 4.8 3 1.8 1.7 1.6 1.5 1.5 1.4 1.4 1.1

AP_9 4.3 4 3.8 2.1 1.4 1.3 1.3 1.2 1.2 1. I 1.1 0.94
MAYS9 2.1 2 2 1.3 0.9 0.84 0.8 0.77 0.74 0.72 0.69 0.6

JUN$9 2.3 2.3 2.3 1.7 1.5 1.4 1.4 1.4 1.4 1.3 1.3 1.2
JUL50 3.1 3.1 3.1 2.7 2.2 2.1 2.1 2.1 2 2 1.9 1.8

AUG50 6.4 6.4 6 4.8 3.4 3.3 3.3 3.1 3 2.9 2.9 2.5
SBI_ 9.5 9.4 9 7 $.8 $.7 $.6 5.4 5.3 5.2 5 4.4

OCT59 8.4 8.2 7.9 5.5 4.6 4.5 4.4 4.2 4.2 4.1 4 3.5
NOV$9 17 17 16 11 9.7 9.4 9.2 8.8 8.6 8.3 8.1 6.5

DBC50 11 ! 1 10 7.3 6.1 $.9 $.8 $.$ 5.4 5.3 5.2 4.2
1959 89 86 81 57 45 43 42 40 39 38 37 30 "

JAN60 22 21 20 14 11 11 10 9.6 9.2 8.8 8.3 5.8
FBB60 9.3 8.9 8.4 $.6 $.2 5.2 5.2 $ 5 5.1 5.1 3.8

MAR60 8.6 7.8 6.7 3.5 2.2 2.1 2 1.9 1.8 1.8 1.7 1.2
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Table A.I. (contd)

Looation

Momh/Yem. 1 :2 :3 4 $ 6 7 8 9 10 11 12

r APR60 4.6 4.4 4.2 2.7 1.7 1.6 1.6 1.5 1.4 1.4 1.3 1.1
MAY60 3.6 3.6 3.4 2.1 1.$ 1.4 1.4 1.3 1.3 1.3 1.2 1

JUN60 4.6 4.6 4.6 3.3 2.9 2.8 2.7 • 2.7 2.7 2.6 2.6 2.3
4.9 4.9 4.8 4.2 3,$ 3.4 3.4 3.3 3.2 3.2 3,1 2.9

AUG60 8.2 8 7.4 5.7 4 3.9 3.8 3.7 3.6 3.5 3.4 3
$1SP_ 13 13 12 8,6 6.6 6.4 6.3 5.9 5.8 .5.6 5.3 4.4

O_P60 14 14 13 9.2 7.3 7.1 7 6.5 6.3 6.1 6 5
NOV60 24 23 21 14 11 11 11 10 9.8 9.4 9.1 5.9 i

DBC60 19 18 17 11 8.8 8.5 8,3 7.6 7.4 7.1 6.8 4.4
1960 140 130 120 8.5 66 64 63 $9 58 56 54 41

JAN61 23 22 20 13 9.7 9,3 9.1 8.3 7.9 7.4 6.9 4.3

I_B61 13 12 12 7.3 6.6 6.6 6.4 6.1 6 5.9 5.7 3.9
MAR61 9.4 8.9 7.9 4.9 3.5 3.4 3.2 3 3 2.8 2.7 1,8

APR61 8.7 8.3 7.8 4.9 3.9 3.8 3.7 3..q 3.4 3.4 3.3 2.7
MAY61 3.4 3.4 3.2 2.1 1.7 1.7 1.6 1.6 1.6 1.6 1.6 1.5

JUN61 3.4 3,4 3.4 2.8 2.6 2.,5 2.5 2.4 2.4 2.4 2,3 2.2

/UI,61 3.7 3.7 3,6 3.1 2.,5 2.4 2.4 2.3 2.3 _..3 2.2 2.1
AUG61 8.8 8.7 8.3 6.8 5.5 5.3 .5.3 $ 4.9 4.7 4.5 3.8
51SP61 12 12 11 8 6.6 6.,5 6.4 6 5.9 5.7 5.6 5

OCT61 11 11 10 7,1 6.2 6.2 6.1 5.7 5.7 5.6 5.5 5.1
NOV61 18 17 16 11 9.2 8.9 8.7 8 7.8 7.5 7.2 5.2

DBC61 8.2 8 7.4 4.9 4.3 4.3 4.2 3.9 3.9 3.8 3.8 _ 2.5 "
1961 120 120 110 77 62 61 60 $6 55 53 $1 40

IAN62 13 13 12 7.7 5.8 ,5.6 5..5 5.1 4.9 4.7 4.5 3.3

PBB_ 8.9 8.7 8.1 5.2 4.6 4.6 4,$ 4.2 4.2 4.2 4.1 3.4
MAR62 8.2 7,,5 6.,5 3.6 2.6 2.$ 2.4 2.3 2.2 2.2 2.1 1.5

APR_ 8.6 8.2 7.6 3.8 2.9 2.9 2.7 2.6 2.6 2.4 2.5 2
MAY62 3.2 3.2 3.2 1.9 1.,5 1.$ 1.4 1.4 1.4 1.4 1.3 1.2

/UN62 5.1 5.2 $.1 3.7 3.3 3.2 3.2 3.1 3.1 3 3 2.8
7,4 7.4 7.4 6.2 $.$ 5.4 $.3 5.2 $.1 5 4.9 4.5

AUO62 12 12 11 9.2 7.8 7.6 7.6 7.2 7.1 7 6.8 6.1

$BP62 22 22 21 16 13 13 13 12 12 11 11 9.3

OC'1'62 11 11 11 7.3 7.7 7.8 7.9 7.6 7.8 7.8 7.9 7
NOV62 14 14 13 8.7 7.7 7.6 7.$ 7 6,9 6.7 6.6 4.8

D18C62 9.9 9,7 9.1 6 ,5.2 5.1 $ 4.7 4.6 4.5 4.4 3.2
1962 120 120 120 79 68 67 66 62 61 60 59 49

,, JAN63 6.5 6,4 6 4.4 3.4 3.3 3.2 3 2.9 2.8 2.7 2.2

F1SB63 3.2 5, I 4.7 2.8 2.6 2,5 2,4 2.3 2,3 2.2 2.2 1.7
MAR63 4.,5 4.2 3.$ 2 1.1 I 0.98 0.91 0.88 0.85 0.82 0.65
APR63 4.1 4 3.6 2.1 1.4 1.3 1,2 1,2 1.2 1.1 1.1 0.77J

MAY63 2.1 2.1 2 1 0.71 0.68 0.6,5 0.62 0.61 0.6 0.59 0.5
JUN63 2.4 2.4 2.3 1.6 1.3 1.3 1.2 1.2 1.2 1.2 1.1 1

3 3 2.9 2.3 1.7 1.6 1.6 1.$ 1.5 1.4 1.4 1.2
AUO63 $ 4.9 4.5 3.$ 2.4 2.4 2,3 2.2 2.1 2.1 2 1.7

Slgi_ 6.9 7,3 6 4.1 ' 3 2.9 2,9 2.7 2.6 2.5 2.4 2
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Table A.1. (_ntd)

l,o_tim "
Moolix/Ymr 1 2 3 4 5 6 7 8 9 10 11 12

Oq_63 8.7 9.2 7.7 5.3 3.9 3.8 3.7 3.4 3.2 3.1 2.9 2.8

NOV63 12 13 11 7 5.3 5.4 5.3 4.8 4.7 4.$ 4.4 4
D_63 7.1 7.7 6.3 4 3.1 3 2.9 2.7 2.6 2.5 2.4 1.7

1963 68 72 60 40 30 29 28 26 26 25 24 20

JAN64 8.2 8.6 7 4.4 2.9 2.8 2.7 2.5 2.3 2.2 2 0.93
6.3 6.7 5.7 3.9 3.1 3 2.9 2.8 2.7 2.6 2.5 1.8

MAR64 5.1 5_4 3.9 2.3 1.3 1.3 1.3 1.2 1.2 1.1 1.1 0.76
AJ_64 5.4 $.9 4.4 1.9 1.3 1.3 1.2 1.1 1.1 1.1 I. 1 0.89

MAY64 3.3 3.8 3.1 1.$ 1 0.98 0.94 0.91 0.88 0.85 0.82 0.71
JUN64 2.1 2.3 2.1 1.4 1.2 1.2 1.1 1.1 1.1 1.1 1.1 1
JUI.64 1.8 2 1.8 1.4 1 0.99 0.95 0.93 0.91 0.88 0.85 0.77

AUG64 4.2 4.$ 4 3 2.2 2.1 2.1 2 1.9 1.9 ! .8 1.6
$EP64 8.1 8.6 7.2 4.9 3.7 3.6 3.6 3.4 3.3 3.1 3 3

OCT64 4.7 $.1 4.4 3.2 2.6 2.6 2.5 2.5 2.4 2.4 2.4 2.2
NOV64 11 12 9.9 6.7 5.1 $ 4.9 4.6 4.4 4.1 3.9 2.8

DEC64 6.$ 7.1 5.6 3.1 2.4 2.4 2.3 2.1 2.1 2 2 1.1
1964 67 72 59 38 28 27 26 25 24 23 22 18

JAN65 6.4 , 6.8 5.4 3.1 2.4 2.4 2.2 2.1 2 1.9 1.8 1.1
4.3 4.7 3.8 1.9 1.6 1.6 1.$ 1.4 1.4 1.4 !.3 1. l
3.4 3.8 2.9 1.5 1 0.96 0.92 0.88 0.85 0.83 0.79 0.67

. , AlP165 3.1 3.4 2.7 1.3 0.93 0.9 0.86 0.82 0.81 0.79 0.77 0.7
_ MAY65 1.5 1.8 1.$ 0.87 0.6 0.55 0.$2 0.$ 0.49 0.47 0.44 0.39

IUN_S5 2.1 2.3 2.1 1.4 1.2 1.2 1.1 1.1 1.1 1.1 1.1 1

JUL65 2 2.2 2 1.5 1.1 1.1 1.1 1 1 0.98 0.95 0.88
AUO65 3.5 3.7 3.2 2.4 1.7 1.6 1.6 1.$ 1.$ 1.4 1.4 1.2

SB_65 5.9 6.2 5.1 3.4 2.4 2.3 2.3 2.2 2.1 2 1.9 1.6
0c*r65 8.2 8.3 6.7 4.1 3 2.9 2.8 2.6 2.5 2.4 2.3 1.9
NOV65 8.2 8.6 7.3 4.9 3.8 3.7 3.7 3.$ 3.3 3.2 3 2.5

DBC65 4.7 $ 4.2 2.8 2.2 2.1 2.1 1.9 1.9 1.8 1.7 1.3

1965 53 57 47 29 22 21 21 20 19 18 17 14

JAN66 4.$ 4.8 4 2.$ 1.8 1.7 1.7 1.5 1.$ 1.4 1.3 0.8

3 3.3 2.7 1.8 1.4 1.4 1.4 1.3 1.3 1.3 1.2 0.98
MAlt65 3 3.1 2.3 1.3 0.69 0.66 0.64 0.59 0.38 0.$5 0.53 0.36

APR65 2.7 2.9 2.1 1 0.65 0.63 0.61 0.58 0.56 0.54 0.$2 0.42
MAY66 _ 1.4 1.6 1.3 0.83 0.$2 0.48 0.47 0.43 0.43 0.42 0.41 0.36

JUN66 1.4 1.6 1.4 1.1 0.9 0.87 0.85 0.83 0.81 0.8 0.79 0.74
JUL66 0.4 0.45 0.41 0.36 0.3 0.3 0.3 0.29 0.29 0.29 0.29 0.29

AUG66 0.82 0.93 0.75 0.$8 0.37 0.36 0.35 0.33 0.32 0.31 0.3 0.25 "
$_'P66 6.6 6.9 $.8 4.2 2.9 2,7 2.7 2.4 2.3 2.2 2 1.6

OCW66 7.1 7.4 6.3 4.$ 3.8 3.7 3.6 3.4 3.3 3.2 3 3
HOV66 7.2 7.5 6.6 4.7 4 4 3.9 3.7 3.7 3.6 3.5 2.6 ',

D!_66 4.5 4.9 4 2.7 2.3 2.2 2.2 2 2 1.9 1.9 1.2
1966 43 45 38 26 20 19 19 18 17 16 16 13

JAN67 5.1 5.4 4.6 3 2.3 2.2 2.2 2 1.9 ! .8 1.7 l
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Table A.I. (contd)

" Lo_tioa

Month/Year I 2 3 4 5 6 7 8 .9 I0 II 12

, FEB67 4.8 5.1 4.2 2.7 2.3 2.2 2.2 2 2 2 1.9 1.4
MAR67 2.8 3.1 2.5 1.6 1.1 1.1 1.1 1 1 0.99 0.96 0.78

APR67 3.6 3.9 3 1.8 1.2 1.2 1.2 1.1 1.1 1.1 1.1 0.88
MAY67 2.5 2.8 2.1 1.1 0,76 0.73 0.7 0.68 0.67 0,66 0.65 0.6

JUN67 1.7 1.8 1.7 1.2 1.1 1.1 1 1 1 1 0,97 0.92
JUL67 2.1 2.2 2.1 1.8 1.4 1.4 1.3 1.3 1.3 1.2 1.2 1.1

AUO67 4.3 4.5 4 3.2 2.5 2.4 2.3 2.2 2.1 2.1 2 1.8
$1Le67 6.1 6.4 5.5 4.2 3.2 3.1 3,1 2.9 2.9 2.7 2.6 2.3
OCT67 5.9 6.2 5.3 3.6 2.9 2.9 2.9 2.7 2.7 2.6 2.5 2

NOV67 6. I 6.3 5.6 3.8 3.3 3.2 3.2 3 2.9 2,8 2.7 2.1
DBC67 3.4 3.7 3.1 2.2 1.8 1.8 1.8 1.7 1.6 !.6 1.5 1.1

1967 49 51 44 30 24 23 23 22 21 21 20 16

JAN68 3.1 3.3 2.7 1,8 1.3 1.3 1.3 1.2 1.1 1.1 1 0.65
FEB68 4.7 4.9 3.7 2.1 1.6 1.5 1.5 1.4 1.4 1.4 1.3 0.9

MAR68 2.3 2.4 1.8 1.1 0.66 0.63 0.6 0.57 0.55 0.53 0.5 0.39
APR68 2.3 2.5 2 1.2. 0.69 0.56 0.54 0.52 0.52 0.51 0.5 0.46
MAY68 1.5 1.7 1.4 0.78 0.55 0.49 0.47 0.45 0.45 0.44 0.43 0.39

JUN68 1.2 1.3 1.2 0.84 0.74 0.72 0.72 0.71 0.71 0.7 0.7 0.67
JUI,6S 1.2 1.3 1.2 1 0.74 0.64 0.59 0.58 0.57 0,56 0.54 0.5

AUG66 3.4 3.6 3.2 2.4 1.8 1.5 1.3 1.2 1.2 1.2 1.1 0.9
$_P68 3.6 3.8 3.3 2.5 1.9 1.7 1.6 1.5 1.5 1.4 1.4 1.2
OCT68 3.9 4.1 3.4 2.3 1.8 1.5 1.3 1.3 1.2 1.2 1.2 0.91

NOV68 4.6 4.8 4.1 2.6 2.3 2 1.8 1.7 1.6 1.6 1.5 1

DECM 2.3 2.5 2.1 1.4 1.2 1 0.93 0.88 0.88 0.86 0.84 0.52
1968 34 36 30 20 15 14 13 12 12 11 11 8.5

JAN69 2.1 2.2 1.9 1.2 0.94 0.78 0.67 0.63 0.61 0.6 0.57 0.42

2 2.1 1.9 1.3 1 0.9 0.83 0.79 0.78 0.76 0.74 0.57
MAlt69 1.8 1.9 1.5 0.82 0.51 0.43 0.39 0.37 0.36 0.36 0.35 0.3
AJ_69 1 1.1 0.94 0.55 0.37 0.3 0.27 0.26 0.26 0.26 0.25 0.23

MAY69 0.63 0.71 0.58 0.35 0.22 0.17 0.15 0.15 0.14 0.14 0.14 0.12
JUN69 1.2 1.3 1.1 0.81 0.62 0.54 0.49 0.48 0.47 0.46 0.45 0.4

JUI,,69 1.5 1.6 1.4 1.1 0.83 0.67 0.61 0.58 0.57 0.56 0.54 0.48
AUG69 3.1 3.2 2.8 2.2 1.6 1.3 1.2 1.1 1.1 1 0.98 0.81

$EP69 3 3.1 2.6 1.9 1.5 ! .3 1.3 1.2 1.2 1.1 1.1 1
OCT69 2.5 2.6 2.3 1.6 1.3 1.1 1 0.95 0.93 0.91 0.88 0.75
NOV_ 2.1 2.1 1.9 1.4 1.3 1.2 1.1 1.1 1,1 1 1 0.92

D.u,,C69 1.4 1.5 1.3 1 0.79 0.7 0.64 0.61 0.6 0.59 0.57 0.39
, 1969 22 24 20 14 11 9.4 8.6 8.2 8 7.8 7.6 6.4

JANTO 1.2 1.4 1.1 0.66 0.45 0.36 0.3 0.28 0.27 0.26 0.24 0.15
FEKT0 0.051 0.075 0.084 0.056 0.088 0.14 0.14 0.14 0.14 0.15 0.15 0.11

t,

MAitT0 0.2 0.23 0.18 0.11 0.078 0.061 0.05 0.046 0.044 0.042 0.04 0.031
APR70 0.85 0.94 0.74 0.45 "0.29 0.24 0.21 0.2 0.19 0.18 0.18 0.14
MAYT0 0.6 0.69 0.55 0.27 0.21 0.2 0.2 0.19 0.19 0.19 0.19 0.18

JUNT0 0.64 0.7 0.63 0.34 0.29 0.27 0.26 0.25 0,25 0.25 0.24 0.23
JUL'70 1.7 1.8 1.6 1.1 0.85 0.69 0.61 0.58 0.57 0.55 0.53 0.46
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Table A.I. (contd)

Location

Monlh/Ymr 1 2 3 4 5 6 7 8 9 10 11 12

AUO70 1.3 1.4 1.2 0.97 0.7/ 0.72 0.69 0.66 0.66 0.65 0.64 0.59
SEP70 3_1 3.2 2.8 2 1.4 1.1 0.98 0.91 0.88 0.85 0.81 0.7 "

OCTT0 3 3.2 2.7 1.9 1.6 1.4 1.3 1.2 1.2 1.2 1.1 0.97
NOVT0 3.6 3.7 3.3 2.2 1.9 1.7 1.6 1.$ 1.5 1.4 1.4 1.1
DLr'70 2 2.1 1.8 1.2 0.99 0.91 0.115 0.79 0.7S 0.77 0.75 0.5

1970 18 19 17 11 9 7.8 7.2 6.7 6,6 6.5 6.3 5.1

JANTI 1.9 1.9 1.6 0.8 0.62 0.45 0.37 0.33 0.32 0.3 0.27 0.14
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Table AO,. MaximumRepresentativeIndividual- Red Bone MarrowEquivalentDose
(millirem per year)

i,

Location

Year 1 2 3 4 S 6 7 8 9 10 11 12

19.50 66 65 62 43 42 41 40 38 38 36 35 29

1931 52 52 50 36 35 34 33 32 32 31 29 22

1952 94 93 90 65 63 60 59 56 55 53 50 44

1953 110 110 100 71 63 61 59 56 55 53 50 34

1954 100 100 95 70 60 59 57 55 54 53 51 40

1955 120 120 110 79 68 66 65 62 62 60 58 42

1956 120 120 110 79 67 66 64 61 61 59 57 44

1957 200 200 190 130 110 110 I00 97 94 91 87 66

1958 240 240 220 150 120 120 120 110 110 100 98 73

1959 180 180 170 120 100 100 98 93 91 88 85 68

1960 270 270 250 180 140 140 140 130 120 120 110 83

1961 240 240 220 160 130 130 120 120 110 110 100 78

1962 220 220 200 140 120 120 120 110 110 110 100 86

1963 150 IS0 130 93 75 73 70 66 63 61 58 47

1964 140 140 130 84 68 66 64 61 59 56 53 41

1965 120 120 110 71 59 57 56 52 51 49 46 37

1966 91 93 83 59 47 46 45 42 41 39 37 29

1967 100 110 95 68 58 56 55 52 51 49 47 37

19611 77 79 70 411 40 35 32 30 30 29 27 21

1969 47 49 44 33 28 23 21 20 19 19 18 15

1970 38 39 36 25 21 17 15 14 14 13 13 10

1971 4.1 4. I 3.5 1.8 1.4 0.98 0.78 0.69 0.66 0.62 0.56 0.29
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Table A.3. Maximum Representative Individual - Lower Large Intestine Equivalent Dose
(millirem per year)

q

Location

Year 1 2 ,. 3 4 5 6 7 8 9 10 11 12

1950 130 110 130 8.5 77 69 64 61 60 55 50 35

1951 100 86 100 73 66 .59 - 56 53 52 48 43 28

1952 160 130 160 110 98 88 83 79 77 70 63 48

1953 220 180 200 140 110 96 89 84 82 74 66 39

1954 220 180 190 130 78 74 71 68 67 63 60 44

19.5,5 280 230 240. 150 90 8.5 81 78 76 73 68 47

1956 260 220 230 150 89 84 81 77 76 72 68 50

19.57 430 350 360 220 130 120 120 110 110 100 95 70

19,58 490 410 400 250 140 140 130 120 110 110 100 74

1959 320 280 270 180 120 110 110 100 98 94 90 70

1960 460 400 390 260 160 150 150 140 130 130 !20 86

1961 380 330 320 220 140 140 130 120 120 110 110 80

1962 330 290 290 190 140 130 130 120 120 110 110 90

1963 250 260 210 140 83 79 76 70 67 63 60 48

1964 2.q) 260 210 130 78 74 71 66 63 60 56 42

1965 210 210 170 14)0 67 63 60 56 54 ,51 48 37

1966 150 150 120 80 51 48 47 4:3 42 40 37 29

1967 170 170 140 9.5 63 61 59 55 53 51 48 38

1968 130 130 110 70 44 36 33 31 30 29 27 20

1969 83 85 72 49 32 24 21 20 19 19 18 1,5

1970 60 62 52 34 22 17 1,5 14 14 13 13 10

1971 .5.1 .5.4 4.2 2.1 1..5 0.98 0.77 0.69 0.66 0.62 0.56 0.28
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Table A.4. Typical Representative Individual - Effective Dose Equivalent
(millirem per month and millirem per year)t

LoaHioa

Month/Ymr 1 2 3 4 .S 6 7 8 9 10 11 12
a

JAN50 0.34 0.17 0.42 0,36 0.33 0.3 0.29 0.28 0.211 0.26 0.24 0.21
0.16 0 0.24 0.16 0.14 0.12 0.11 0.1 0.1)911 0.086 0.074 0.041

MAR50 0.1.5 0 0.22 O.13 0.11 0.099 0.0119 0.084 0.081 0.073 0.062 0.03

AJNt50 0.11 0 0.16 0.091 0.08 0.072 0.06.5 0.062 .0.06 0.056 0.049 0.033
MAY50 0.06 0.0055 0.095 0.064 0.057 0.052 0.048 0.046 0.045 0.043 0.038 0.026

JUN50 0.027 0.0037 0.042 0.032 0.029 0.027 0.025 0.025 0.024 0.023 0.021 0.017
JUL.50 0.031 0.0066 0.049 0.045 0.04 0.036 0.033 0.033 0.031 0.03 0.027 0.02

AUG.50 0.069 0.013 O.11 0.097 0.0&3 0.071 0.065 0.063 0.061 0.056 0.048 0.029
$]_:_0 0.14 0.047 0.2 0.17 0.15 0.13 0.12 0.12 0.11 0.1 0.091 0.064
OCT50 0.16 0 0.23 0.17 0.18 0.13 0.12 0.11 0.11 0.098 0.08 0.048

NOV50 0.16 0 0.24 0.17 0.15 0.13 0.12 0.11 0.11 0.095 0.081 0.051
D1_50 0.17 0 0.24 0.17 0.18 0.13 0.12 0.11 0.11 0.096 0.082 0.054

1950 1.6 0.25 2.2 1.7 1.5 1.3 1.2 1.2 I. 1 1 0.9 0.62

JANSI 0.23 0.13 0.27 0.24 0.22 0.21 0.2 0.19 0.19 0.18 0.17 0.15 I

FEB3I 0.091 0 0.13 0.089 0.077 0.067 0.06 0.056 0.054 0.048 0.041 0.022

MARS1 0.11 0 0.17 0.11 0.095 0.081 0.073 0.069 0.066 0.059 0.051 0.027
AP_ 1 0.079 0 0.12 0.067 0.06 0.053 0°048 0.046 0.044 0.04 1 0.036 6.025

MAY$1 0.032 0.0034 0.03 0.036 0.032 0.03 0.028 0.027 0.026 0.025 0.022 0.017
JUN51 0.03 1 0.0073 0.049 0.04 0.036 0.032 0.03 0.029 0.028 0.027 0.024 0.019

JUI_I 0.041 0.0086 0.064 0.06 0.052 0.046 0.043 0.042 0.04 0.038 0.034 0.026
AUO.51 0.086 0.021 O.13 O.12 O.1 0.013 0.076 0.074 0.071 0.063 0.053 0.034
$1_1 0.18 0.037 0.26 0.22 0.2 0.17 0.16 0.1,5 0.14 0.13 0.11 0.075

oc'r,51 0.12 0 O.19 0.14 0.12 O.11 0.099 0.094 0.091 0.08 0.068 0.038
NOV.51 0.1.5 0 0.23 0.17 0.1.5 0.12 0.11 0.11 0.1 0.09 0.075 0.036

DI_I 0.14 0 0.21 0.15 0.13 0.11 0.097 0.092 0.0119 0.077 0.064 0.025
1951 1.3 0.23 1.9 1.4 1.3 1.1 1 0.911 0.95 0.86 0.75 0.49

IAN.52 0.26 0.1 0.34 0.211 0.26 0.23 0.22 0.21 0.21 0.2 0.18 0.14
FW_2 0.11 0 0.17 0.11 0.097 O.0iD 0.075 0.07 1 0.068 0.0.59 0.08 0.022

MAlt52 0.13 0 0.19 0.13 0.11 0.094 0.018 0.081 0.077 0.069 0.058 0.03
A,P_2 0.1 0 0.16 0.064 0.056 0.05 0.044 0.042 0.041 0.038 0.033 0.022

_Y52 0.043 0.0061 0.069 0.04 0.036 0.032 0.029 0.029 0.028 0.026 0.024 0.018
JUN52 0.034 0.0095 0.032 0.039 0.034 0.03 0.027 0.027 0.026 0.024 0.022 0.016

JUI.52 0.05.5 0.016 0.0a6 0.074 0.063 0.0.53 0.049 0.0441 0._46 0.042 0.037 0.025
AUG52 0.014 0.025 0.13 0.11 0.092 0.076 0.069 0.066 0.063 0.0,5.5 0.046 0.028

$1_P32 0.18 0.076 0.24 0.19 0.16 0.14 0.12 0.12 0.12 0.1 0.085 0.058
OCT.52 0.19 0 0.211 0.22 0.18 0.1,5 0.14 0.13 0.12 0.1 0.082 0.045

• NOV.52 0.18 0 0.27 0.21 0.18 0.15 0.13 0.12 0.12 0.1 0.081 0.062
DIBC$2 0.24 0 0.37 0.211 0.23 0.19 0.17 0.16 0.16 0.13 0.1 0.059

19.52 1.6 0.24 2.3 1.7 1.,5' 1.3 1.2 1.1 1.1 0.94 0.8 0.52

JAN,53 0.3.5 0.039 0.44 0.31 0.27 0.24 0.22 0.21 0.21 O.19 O.17 0.12

FIU_3 0.16 0 0.24 0.16 0.14 0.12 0.1 0.096 0.092 0.081 0.067 0.029
MAR53 0.1.5 0 0.23 0.16 0.14 0.12 0.1 0.098 0.095 0.084 0.07 0.036

APlU3 0.11 0 0.16 0.1 0.087 0.074 0.066 0.063 0.06 0.0.54 0.046 0.026
MAY53 0.12 0.02 0.17 0.099 0.084 0.072 0.064 0.062 0.059 0.0.54 0.047 0.029
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Table A.4. (¢onul)

_Yeeu' 1 2 3 4 5 6 7 8 9 10 ! 1 12

JUN53 0.037 0.012 0,056 0.04 0,034 0.031 0.028 0.027 0.026 0.024 0.022 0.016
JUL$3 0.0.53 0,015 0,081 0,069 0,058 0.05 0,046 0,045 0,043 0,04 0,035 0,025

AUO53 0.13 0,038 0.2 0.17 0.14 0.11 0.1 0.098 0,094 0,083 0.068 0.04
S_3 0.21 0,072 0.29 0.2.5 0.21 0.18 0.16 0.16 0.15 0.13 0.11 0,073

OCT53 0.2 0 0.3 0.2.5 0.21 0,17 0.15 0.15 0.14 0.12 0,097 0.05
NOV53 0.24 0 0.3 0.21 0.072 0,065 0,061 0.058 0.05,6 0,051 0.046 0.028
DiI_3 0.2.5 0 0,3 0.2 0.068 0.062 0,058 0,053 0,052 0.047 0,042 0.019

1953 2 0.26 2.8 2 1.5 1.3 1.2 1.1 I. 1 0.95 0.82 0.49

JAN54 0.5 0.26 0.$7 0.47 0.34 0.33 0.33 0.32 0.32 0.31 0.31 0.28
pmJ54 0.24 0 0.31 o. 18 0,087 0,08 0,075 0,069 0.068 0,063 0,058 0.031

MAI_4 0.23 0 0.3 0.19 0,089 0,082 0,076 0,071 0.07 0,064 0,059 0,039
APR_ 0.25 0 0.32 0.15 0.082 0.075 0.069 0.066 0.064 0.06 0.055 0.037

MAY54 0.098 0.013 0.15 0.089 0,061 0.056 0.053 0.052 0.05 0.049 0.044 0.035
JUN54 0.056 0.017 0.087 0.072 0.052 0.048 0.044 0.044 0.042 0.04 0.037 0.03

JUI_ 0.057 0.019 0.087 0.079 0.054 0.049 0.045 0,045 0.043 0.041 0.038 0,03 I
AU054 0.11 0.034 0,16 0.14 0.075 0.067 0.063 0.062 0.06 0.057 0.0.52 0,039
SEP54 0.2 0.074 0.26 0.21 0. I1 0.11 0.1 0.099 0.098 0.093 0.087 0,072

¢_r54 0.22 0 0.3 0.22 0.096 0.088 0.084 0.08 0,078 0.073 0.067 0.05

NOV54 0.19 0 0.26 0. i9 0.089 0.0tD 0.08 0.076 0.074 0.07 0,065 0.047
DISC54 0.21 0 0.28 0.2 0,089 0,083 0.08 0,075 0,074 0,069 0,064 0,043

1954 2.4 0.41 3.1 2.2 1.2 1.1 1.1 1.1 1 0.99 0.93 0.73

JAN55 0.34 0.31 0.61 0.52 0.39 0.38 0.3_ 0.38 0.38 0.37 0.36 0.34
PI[B&5 0.15 0 0.2 0.15 0.073 0,068 0.066 0,062 0,061 0,058 0,054 0,038

MAILS5 0.23 0 0.32 0.24 0.11 0.098 0.0_ 0.089 0.087 0.082 0.074 0.047
Alqt55 0.22 0 0.3 0.18 0,093 0.086 0,08 1 0,078 0.076 0.072 0,067 0.042

MAY55 0.28 0.025 0.38 0.18 0.1 0.093 0.086 0,083 0.08 1 0,077 0.07 0.05
JUN55 0.087 0,022 0.13 0.097 0.07 0.065 0,061 0.06 0.058 0.056 0.052 0.042

/UL.55 0.0(J6 0.023 0.1 0,091 0.057 0.05 1 0,048 0.047 0.045 0.043 0.04 0.031
AUO55 0.15 0.043 0.2 1 0.18 0.083 0.075 0.07 0.068 0.066 0.062 0.056 0.04 1
$1iP55 0.25 0,092 0.31 0.24 0.11 0.11 0.1 0.1 0.1 0.095 0.089 0.075

OCT55 0.28 0 0.36 0.26 0.12 0.11 0.1 0,097 0,096 0,089 0.081 0,055
NOV55 0.27 0 0.35 0.2,5 0,12 0.11 0.11 0.1 0.1 0,096 0.089 0,054

DIK.'55 0.35 0 0.43 0.26 0.13 0.12 0.11 0.! 0.1 0.093 0.086 0.04
1955 2.9 0.52 3.7 2.6 1.5 1.4 1.3 1.3 1.2 1.2 1.1 0.86

JAN56 0.6.5 0.38 0.73 0.59 0,47 0.46 0.46 0.45 0.45 0.44 0.43 0.4
FRB_ 0.27 0 0.36 0.24 0.12 0.11 0.1 0,095 0,094 0,087 0.081 0,052

MAR56 0.3 0 0.38 0.21 0,12 0.11 0.1 0,097 0,095 0,089 0,083 0,052
APIL56 0.13 0 0.19 0.11 0.079 0.073 0.067 0.065 0.064 0.06 ! 0.057 0.044

MAY56 0,072 0.013 0.11' 0,075 0,057 0,053 0,049 0,048 0,046 0,044 0,04 1 0,034

JUN56 0.064 0,028 0,095 0,076 0,054 0.05 0,046 0,045 0.044 0.042 0,038 0.03 I
JUL,.56 0.11 0.046 0.16 0.14 0.082 0.074 0.069 0,068 0.066 0.062 0.057 0.045

AUG56 0.23 0.01D 0.31 0.24 0.1 ! 0.1 0.098 0.094 0.092 0.087 0.079 0.061
SEP56 0.34 0.13 0.42 0.31 0.15 0,14 0.14 0.13 0.13 0.12 0.12 0.097

0CT56 0.22 0 0.29 0,2 0.099 0,093 0.09 0,085 0,084 0,08 O.07.q 0.06
NOV56 0.27 0 0.35 0,23 0.1 0.09,4 0.089 0.084 0.083 0.077 0.071 0.049
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' Table A.4. (contd)

Momh/Ymr 1 2 3 4 5 6 7 8 9 10 11 12

• DBC56 0.39 0 0.46 0.29 0.11 0.1 0.095 0.09 0.088 0.081 0.072 0.043
1956 3.1 0.67 3.9 2.7 1.6 1.5 1.4 1.4 1.3 1.3 1.2 0.97

JAN57 0.65 0.32 0.73 0.61 0.42 0.41 0.4 0.4 0.39 0.39 0.38 0.35

Fi_157 0.3ff 0 0.44 0.28 0.11 0.1 0.094 0.089 0.086 0.079 0.071 0.043
MAR$7 0.42 0 0.$ 0.22 0.004 0.084 0.076 0.067 0.061 0.056 0.031 0.028

APR.57 0.35 0 0.44 0.2 0.11 0.095 0.085 0.077 0.072 0.066 0.062 0.043
MAY$7 0.11 0.023 0.16 0.097 0.069 0.064 0.059 0.057 0.054 0.051 0.047 0.038

JUNS7 0.08 0.038 0.12 0.089 0.054 0.048 0.044 0.042 0.039 0.037 0.034 0.026
/ULS7 0.19 0.088 0.2.5 0.2 0.095 0.08.5 0.08 0.075 0.07 0.0_ 0.06 0.048

AUG$7 0.33 0.12 0.42 0.32 0.13 0.11 0.11 0.099 0.091 0.085 0.078 0.062
$EP57 0.49 0.19 0.57 0.38 0.i7 0.16 0.15 0.14 0.13 0.12 0.12 0.1
OCT$7 0.33 0 0.42 0.28 0.14 0.13 0.12 0.11 0.11 0.1 0,098 0,081

NOV57 0.37 0 0,46 0.31 0.14 0.14 0.13 0.12 0.11 0.11 0.11 0,083
D!8£_$7 0.$2 0 0.62 0.39 0.16 0.15 0.14 0.13 0.12 0.12 0.11 0,069

1957 4.2 0.78 5.1 3.4 1.7 1.6 1.$ 1.4 , 1.3 1.3 1.2 0,98

JAN$8 0.79 0.32 0.86 . 0.6.5 0.42 0.41 0.4 0.39 0.38 0.38 0.37 0.34

FBB.58 0.39 0 0.48 0.26 0.12 0. i I 0.1 0,089 0.085 0.079 0.074 0.04 1
MAR.58 0.29 0 0.37 0.23 0,1 0,093 0,085 0,076 0.071 0,065 0.06 0.041

' APR.58 0.29 0 0.39 0.21 0.12 0.11 0.1 0.0g_t 0.089 0.084 0.079 0,058

MAY$8 0.15 0.036 0.21 0.12 0.08 0.074 0.068 0.064 0.061 0.0.58 0.054 0.045
/UNS8 0.094 0.06 0.13 0.1 0.056 0.049 0.044 0.042 0.039 0.037 0.033 0.026
JULS8 0.19 0.098 0.26 0.2 0.0U 0.071 0.073 0.067 0.062 0.0.58 0.0,53 0.041

AUQ$8 0.33 0.13 0.41 0.3 0.11 0.1 0.096 0.087 0.08 0.075 0.07 0.055

SBP58 0.41 0.2 0.44 0.29 0.11 0.1 0.1 0.093 0.088 0.085 0.082 0.073
O_$8 0.39 0 0.49 0.33 0.14 0.13 0.12 0.11 0.1 0.033 0.087 0.065
NOV58 0.4 0 0.47 0.28 0.12 0.12 0.11 0.099 0.094 0.089 0.085 0.058

DBC58 0.43 0 0.-51 0.29 0.12 0.11 0.11 0.096 0.089 0.083 0.077 0.052
1958 4.2 0.8.5 -5 3.3 1.6 1..5 1.4 1.3 1.2 1.2 1.1 0.9

JAN-59 0.63 0.38 0.67 0.-5-5 0.44 0.43 0.43 0.42 0.42 0.42 0.41 0.4

FHB59 0.28 0 0.36 0.23 0.1 0.093 0.087 0.078 0.073 0.067 0.062 0.038
MAR59 0_74 0 0.32 0.21 0.11 0.098 0.092 0.085 0.08 0.075 0.07 0.052
APR.59 0.19 0 0.2.5 0.1-5 0,086 0.079 0,074 0.07 0,066 0.063 0,062 0.046

MAY59 O.11 0.041 0.16 O.11 0,066 0,059 0.05-5 0.0-52 0.049 0,047 0.043 0,035
JUN59 0.078 0.058 0.11 0.083 0.049 0.044 0.039 0.038 0.036 0.033 0.03 0.025

JUL.59 0.093 0.063 0.13 0.12 0.06 0.0-53 0.049 0.046 0.043 0.041 0.038 0.031
AUQ$9 0.24 O.17 0.28 0.21 0.069 0,062 0.0-59 0.054, 0.0-51 0.048 0,045 0.036

, $BP59 0.28 0.18 0.34 0.26 0.14 0.13 0.13 0.12 0.11 0.11 0.11 0,094
OCT-59 0.16 0 0.21 0.1-5 0.075 0,069 0,066 0.062 0.0-59 0,056 0,053 0,044

NOV59 0.21 0 0.28 0.2 0.11 0.11 0.1 0.095 0.09 0.085 0.081 0.063
DIK:59 0.29 0 0.36 0.26 0.14 0.13 0.13 0,12 0.11 0,11 0.1 0.08

1959 2.8 0.89 3..5 2.5 1.4 1.4 1,3 1.2 1.2 1.1 1.1 0.94

]ANdO 0.99 0.5 1.1 0.93 0.73 0.71 0.7 0.69 0.68 0.67 0.66 0.6

Fi[B60 0.32 0 0.39 0.23 0.13 0.12 0.12 0.11 0.11 0.11 0.11 0,076
MAR60 0.43 0 0.5 0.27 0.13 0.12 0.11 0.1 0.095 0.09 0.085 0.054
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Table A.4. (conul)

Momh/YNr 1 2 3 4 $ 6 7 8 9 10 11 12 i
;

Ai_60 0.2 0 0.28 O.19 O,11 0.1 0.093 0.087 0.0113 0.079 0.074 0.054

MAY60 0.19 0.075 0.26 0.17 0.095 0.087 0.082 0.078 0.074 0.071 0.067 0.053 '
/Ulq60 0.13 0.081 0.18 O.14 0.0711 0.069 0.064 0.062 0.058 0.055 0.05 i 0.042
JUL60 0.13 0.079 0.19 O.17 0.0118 0.079 0.074 0.071 0.067 0.063 0.059 0.05

AUO60 0.29 0.19 0.34 0.25 0.013 0.075 0.071 0.065 0.061 0.057 0.053 0.043
SBiI_ 0.48 0.3 0.$1 0.34 0.14 0.13 0.13 0.12 0.12 0.11 0.11 0.09
oc'r60 0.32 0 0.38 0.26 o. 12 o. 11 o. 11 0.098 0.094 0.09 0.086 0.072

NOV60 0.45 0 0.,51 0.33 0.13 0.12 0.12 0.11 0.1 0.096 0.091 0.06
DEC60 0,49 0 0.59 0.38 0.17 0.16 0.15 0.14 0.13 0.12 0.12 0.074

1960 4.4 1.2 5.3 3,7 2 1.9 1.8 1.7 1.7 1.6 1.$ 1.3

IAN61 1.1 0.45 1.2 0.91 0.64 0,63 0.62 0.6 0.59 0.58 0.57 0.52

FBB61 0.3 0 0.39 0.25 0.15 0.14 0.14 0.13 0.12 0.12 0.11 0.071
MAR61 0.35 0 0.45 0.3 0.18 0,17 0.16 0.15 0.14 0.14 0.13 0.079

_1 0.29 0 0.4 0.27 0.19 0.18 0.17 0.16 0.16 0.15 0.15 0.12
MAY61 0.16 0.063 0.21 0.15 0.096 0.091 0.087 0.085 0.083 0.081 0.08 0.073
JUN61 0.08 0.058 0.12 0.098 0.064 0.058 0.053 0.052 0.049 0.047 0.044 0.038

JUL61 0.13 0.11 0.16 0.13 0.049 0.044 0.042 0.039 0.037 0.036 0.034 0.03
AUG61 0.23 0.13 0.28 0.22 0.1 0.096 0.093 0.087 0.083 0.08 0.076 0.062

SBP61 0.29 0.12 0.34 0.24 0.14 0.14 0.13 0,13 0.12 0.12 0.12 0.11
ocTr61 0.23 0 0.28 o. 19 0,097 0.094 0.092 0.085 0.083 0.08 0.079 0.073

NOV61 0.23 0 0.28 O.19 0.11 0.1 0.098 0.089 0.0116 0.082 0.078 0.056
DllC61 0.24 0 0.27 O.16 0.0114 0.082 0.079 0.073 0.071 0.069 0.069 0.045

1961 3.6 0.94 4.4 3.1 1.9 1.8 1.8 1.7 1.6 1.6 1.$ 1.3

JAN62 0.M 0.57 0.92 0.79 0.611 0.68 0,67 0.66 0.66 0.65 0.6,5 0.62
0.23 0 0.28 O.18 O.11 0.1 0.099 0.092 0.09 0.088 0.0116 0.07
0.37 0 0.43 0.25 0.13 0.13 0.12 0.11 0.1 0.099 0.095 0.064

AIq[82 0.34 0 0.45 0.23 0.15 0.15 0.14 0.13 0.12 0.12 0.12 0.092

MAY62 0.19 0.066 0.27 0.17 0.11 0.097 0.092 0.088 0.084 0.0,Sl 0.077 0.063
JUN(12 0.14 O.1 0.2 O.15 0.054 0,075 0.07 0.06tl 0.065 0.062 0.058 0.05
JUL62 0.16 0.1 0.23 0.19 0.11 0.11 0.1 0.097 0.094 0.091 0.087 0,078

AUG62 0.28 0.16 0.36 0.28 0.15 0.14 0.13 0.13 0.12 0.12 0.11 0.1
8111_ 0.52 0.26 0.59 0.43 0.26 0.23 0.24 0.23 0.22 0.21 0.21 0.18

0.24 0 0.31 0.2 0.13 0.13 0.13 0.13 0.13 0.13 0.13 0.11
NOV62 0.2 0 0,26 O,17 0,1 0.0911 0.095 0.0117 0.084 0.081 0.078 0.056

DEC62 0.21 0 0.211 0,19 0.12 0.11 0.11 0.1 0.0911 0.094 0.09 0.064
1962 3.7 1.3 4.6 3.2 2.1 2.1 2 1.9 1.9 1.8 1.8 1.5

IAN63 0.66 0.$2 0.7 0.65 0.$9 0.$8 0.$8 0.58 0.$7 0.$7 0.$7 0.56

FEBe3 O.16 0 0,2 O.12 0.0611 0.065 0.06 0.055 0,053 0.05 0.049 0.035 '
MAR63 0.23 0 0.27 0.16 0.066 0.061 0.057 0.051 0.048 0.045 0.042 0.03
A,qU_ 0.2 0 0.25 0.16 0.Olll 0.075 0.07 0.065 0.062 0.058 0.034 0.036

MAY63 0.13 0.045 0.17 0.09 0.03 0,046 0.043 0,041 0.039 0.037 0.035 0.027

JUN63 0,087 0.067 O.12 0.013 0.041 0.035 0.032 0.03 0.028 0.026 0.023 0.018
JUL63 0.11 0.084 0.!$ 0.12 0.044 0.038 0.034 0.032 0.029 0.027 0.024 0.018
AUG63 0.19 0.13 0.22 0.16 0.049 0.043 0.041 0.037 0.034 0.031 0.029 0.022

SB,P63 0.31 0.$3 0.31 0.2 0.075 0.071 0.0611 0.064 0.061 0.058 0.056 0.05
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Table A.4. (contd)

Loem/on
Momh/Ymr ! 2 3 4 5 6 7 S 9 I0 II 12

• OCT63 0.23 0.44 0.27 0.18 0.06 0.054 0.051 0.045 0.041 0.038 0.035 0.031
NOV63 0.22 0.4 0.24 0.14 0.06 0.056 0.053 0.047 0.044 0.042 0.04 0.041
DEC63 0.24 0.45 0.26 0.15 0.051 0.054 0.051 0.045 0.042 0.039 0.037 0.026

1963 2.8 4.7 3.2 2.2 1.2 1.2 I.I I.I I.i I 0,99 0.89

JAN64 0.6 0.82 0.61 0.49 0.38 0.37 0.37 0.36 0.36 0.36 0.35 0.34

FBB64 0.2 0.39 0.23 0.16 0.07 0.065 0.061 0.056 0.052 0.048 0.045 0.031
MAR64 0.26 0.49 0.3 0. I8 0.077 0.072 0.068 0.062 0.058 0.055 0.051 0.034

APR64 0.3 0.57 0.36 0.16 0.083 0.076 0.071 0.066 0.062 0.059 0.055 0.042
MAY64 0.22 0.43 0.29 0.15 0.0113 0.075 0.07 0.066 0.062 0.058 0.054 0.042
JUN64 0.087 0.17 0.12 0.012 0.048 0.043 0.038 0.036 0.034 0.031 0.028 0.022

JUL64 0.088 0.17 0.12 0.095 0.039 0.033 0.029 0.027 0.025 0.023 0.02 0.015
AUO64 0.18 0.32 0.21 0.13 0.052 0.046 0.044 0.04 0.037 0.035 0.032 0.025

$BP64 0.31 0.54 0.31 0.2 0.09 0.0116 0.083 0.079 0.076 0.073 0.07 0.067
OCT64 0.13 0,26 0.17 0.12 0.0411 0.044 0.042 0.039 0,036 0.035 0.033 0.029
NOV64 0.22 0.42 0.25 0.16 0.062 0.056 0.053 0.0441 0.044 0.04 0.036 0.025

D!_64 0.22 0.42 0.24 0.13 0.055 0.0.51 0.047 0.042 0.04 0.037 0.035 0.019
1964 2.8 5 3.2 2.1 1.1 1 0.98 0.93 0.89 0.85 0.81 0.69

JAN65 0.41 0,59 0,44 0.34 0.2,11 0.27 0.27 0.26 0.26 0.26 0.25 0.24
pm105 0.13 0.26 0.16 0.0tll 0.046 6.043 0.039 0.036 0.034 0.033 0.03 0.022

0.16 0.32 0.2 0.11 0.06 0.0_ 0.082 0.049 0.046 0.044 0.041 0.032

0.14 0,7,11 0.18 0.0_ 0.057 0.053 0.049 0.046 0.044 0.042 0.04 0.034
MAY65 0.(}115 0.17 0.12 0.074 0.045 0.04 0.036 0.035 0.033 0.031 0.029 0.023
JUN05 0.073 0.14 0.1 0.068 0.038 0.033 0.03 0.029 0.026 0.025 0.023 0.018

0.077 O.15 0.1 0.077 0.033 0.029 0.026 0.023 0.023 0.021 0.019 0.015
AUG05 0.12 0.22 0.15 0.1 0.036 0.031 0.029 0.027 0.025 0.023 0.021 0.016
SBJP65 0.22 0.37 0.22 0.14 0.064 0.061 0.059 0.056 0.054 0,052 0.05 0.045

OCT_ 0.18 0.33 0.19 0.11 0.036 0.033 0.031 0.027 0.025 0.023 0.021 0.017
NOV05 0.15 0.28 0.17 0.11 0.037 0.034 0.032 0.029 0.026 0.024 0.022 0.016

DHC6$ 0.14 0.27 0.16 0.1 0.041 0.038 0.036 0.033 0.03 1 0.029 0.027 0.02
1965 1.9 3.4 2.2 1.4 0.77 0.72 0.69 0.65 0.63 0.6 0.58 0.5

,IAN66 0.29 0.39 0.3 0.24 0.2 0.2 0.2 0.19 0.19 0.19 0.19 0.18
PlBa_ 0.034 0.18 0.11 0.071 0.03 0.0211 0.027 0.025 0.023 0.022 0.021 0.016

0.12 0.23 0,14 0.0116 0.038 0.035 0.033 0.03 0.029 0.027 0.025 0.016
0.12 0.23 0.14 0.071 0.037 0.034 0.032 0.03 0.029 0.027 0.025 0.019

MAY66 0.01L3 0.16 • 0.11 0.074 0.037 0.033 0.031 0.029 0.027 0.026 0.024 0.02

JUN66 0.054 0.1 0.073 0.058 0.024 0.02 0.018 0.017 0.016 0.015 0.013 0.011

, JUL66 0.019 0.036 0.023 0.021 0.0076 0.0064 0.0059 0.0055 0.0352 0.0048 0.0045 0.0039
AUO66 0.045 0.011 0.046 0.032 0.007 0.0062 0.0359 0.00_ 0.005 0.0046 0.0043 0.0034

' $BP66 0,9.3 0.39 0.22 0.15 0.066 0.063 0.061 0.058 0.056 0.054 0.052 0.046
OC766 0.12 0.23 0.14 0.036 0.053 0,051 0.05 0,046 0.044 0.042 0.04 0.037

NOV66 0.1 0.19 0.12 0.079 0.042 0.041 0.041 0.038 0.038 0.037 0.036 0.027
DBC66 0.12 0.23 0.14 0.089 0.045 0.042 0.04 0.037 0.036 0.034 0.033 0.021

1966 1.4 2.4 1.6 1.1 0.59 0.56 0.$4 0.52 0.5 0.48 0.47 0.4

JAN67 0.31 0.42 0.33 0.27 0.23 0.23 0.22 0.22 0.22 0.22 0.21 0.2
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Table A.4. (contd)

Month/Ymr 1 2 3 4 $ 6 7 8 9 10 11 12

FEB67 0.11 0.21 0.13 0.081 0.047 0.045 0.043 0.04 0.039 0.038 0.036 0.026
MAR67 0.11 0.22 0.15 0.1 0.057 0.035 0.0.52 0.049 0.047 0.046 0.044 0.034

AMt67 0.14 0.27 0.17 0.11 0.062 0.059 0.057 0.054 0.052 0.0S 1 0.048 0.039
MAY67 0.13 0.26 0.16 0.085 0.046 0.043 0.04 0.039 0.037 0.036 0.034 0.03

JUN67 0.048 0.094 0.069 0.051 0.033 0.029 0.026 0.025 0.024 0.022 0.02 0.016
JUL67 0.061 0.12 0.084 0.071 0.035 0.03 0.028 0.027 0.025 0.023 0.021 0.017

AUO67 0.12 0.22 0.14 0.11 0.039 0.035 0.033 0.031 0.029 0.027 0.026 0.021
SRP07 0.2 0.35 0.21 0.16 0.075 0.072 0.07 0.066 0.064 0.062 0.039 0.055
0cr67 0.11 0.21 0.13 0.087 0.04 0.038 0.036 0.034 0.032 0.03 1 0.029 0.023

NOV67 0.099 0.19 0.12 0.077 0.036 0.034 0.032 0.03 0.028 0.027 0.025 0.019
DEC67 0.097 0.19 0.12 0.079 0.038 0.036 0.035 0.032 0.03 0.028 0.026 0.019

1967 1.$ 2.7 1.8 1.3 0.74 0.7 0.68 0.65 0.63 0.61 0.58 0.5

JAN68 0.7,$ 0.33 0.26 0.22 0.18 0.18 0.17 0.17 0.17 0.17 0.17 0.16
PF,B68 0.12 0.23 0.13 0.07 0.033 0.031 0.029 0.027 0.025 0.024 0.022 0.015

MAR68 0.098 0.19 0.12 0.079 0.039 0.036 0.034 0.031 0.03 0.028 0.026 0.019
APR68 0.097 0.19 0.12 0,078 0.039 0.027 0.02.5 0,024 0,023 0,023 0.022 0.02

MAY68 0.097 0.18 0.12 0.07 0.037 0.027 0.024 0.023 0.022 0.022 0.021 0.018
JUN68 0.041 0.078 0.0.56 0,04 0.02 0.013 0.011 0.011 0.01 0.01 0,0097 0.0086
JUL68 0.039 0.075 0.053 0.044 0.018 0.011 0.0093 0.0088 0.0085 0.0082 0.0079 0.0069

AUO68 0.099 0.18 0.12 0.084 0.03 0.019 0.016 0.015 0.014 0.014 0.013 0.01 i
$11P68 0.14 0.23 0.15 0.11 0.054 0.046 0.044 0.043 0.043 0.043 0.042 0.041

OCT68 0.086 0.16 0.1 0.065 0.02.5 0.016 0.014 0.013 0.013 0.013 0.012 0.01
NOV68 0.077 0.1.5' 0.091 0.056 0.026 0.018 0.016 0.015 0.014" 0.014 0.013 0.0089

DEC68 0.071 0.14 0.(MI8 0.057 0.025 0.017 0.01.5 0.014 0.014 0.014 0.013 0.0083
1968 1.2 2.1 1.4 0.97 0.53 0.44 0.41 0,4 0.39 0.38 0.37 0.33

JAN69 0.17 0.22 0.18 0.15 0.13 0.12 0.12 0.12 0.12 0.12 0.12 0.12

0.049 0.095 0.066 0.046 0.023 0.017 0.01.5 0.014 0.014 0.013 0.013 0.0099
MAlt69 0.077 0.1.5 0.0'77 0.058 0.031 0.022 0.018 0.017 0.017 0.016 0.016 0.013

APR69 0.046 0.092 0.06.5 0.041 0.025 0.018 0.01.5 0.014 0.014 0.014 0.013 0.011
MAY69 0.034 0.066 0.046 0.029 0.016 0.011 0.0092 0.0088 0.0085 0.0082 0.0078 0.0067

JUN69 0.044 0.084 0.0.58 0.042 0.018 0.01 0.0082 0.0077 0.0074 0.0071 0.0067 0.0056
JUL69 0.044 0.053 0.056 0.043 0.016 0.0098 0.0081 0.0077 0,0074 0.0072 0.0069 0.006

AUO69 0.08.5 0.16 0.095 0.069 0.024 0.016 0.014 0.013 0.013 0.01_ 0.012 0.01
$RP69 0.11 0.18 0.11 0.0_Jl 0.04.5 0.041 0.041 0.04 0.04 0.04 0.04 0.039

OCT69 0.041 0.077 0.047 0.033 0.01.5 0.012 0.011 0.01 0.01 0.0098 0.0096 0.0083

NOV69 •0.033 0.062 0.039 0.027 0.013 0.011 0.011 0.0099 0.0098 0.0096 0.0094 0.0087
D1_69 0.042 0.079 0.051 0.037 0.017 0.013 0.011 0.011 0.011 0.011 0.01 0,007

, 1969 0.77 1.3 0.91 0.66 0.37 0.3 0.28 0.27 0.27 0.27 0.26 0.24
i,

JAN70 0.13 0.19 0.14 0.11 0.087 0.081 0.079 0.078 0.078 0.078 0.077 0.076

FEBT0 0.002 0.00.53 0.0048 0.0031 0,0029 0.0032 0.003 0.0029 0.0029 0.003 0.0029 0.0022
MART0 0.011 0.022 0.014 0.0091 0.0044 0.0029 0,0022 0,002 0.002 0.0018 0.0017 0.0013

APRT0 0.042 0.082 0.033 0.033 0.016 0.011 0,0093 0.0087 0.0084 0.0081 0.0077 0.0062
MAYT0 0.039 0.074 0.047 0.024 0.014 0.011 0.0098 0.0095 0.0094 0.0093 0.0093 0.00_

JUN70 0.028 0.034 0.037 0.02 0._ t 0.0074 0.0362 0.0059 0.0058 0.0056 0.0053 0.0044J
JUL70 0.046 0.087 0.059 0.039 0.016 0.011 0.0091 0.0086 0.0084 0.0081 0.0078 0.0068
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Treble A.4. (contd)
It

i.oemkm

Momls/Ymr 1 2 3 4 $ 6 7 8 9 I0 11 12

AUO70 0.035 0.066 0.043 0.031 0.013 0.01 0.0094 0.009 0.0089 0.0088 0.0087 0.0082
SBP'70 0.11 0.18 0.11 0.033 0.049 0.042 0.04 0.039 0.039 0.038 0.038 0.036

OCTT0 0.057 • 0.11 0.07 0.048 0.024 0.019 0.017 0.016 0.016 0.016 0.016 0.014
NOVT0 0.054 0.1 0.067 0.043 0.022 0.017 0.016 0.015 0.0IS 0.0IS 0.014 0.012
DBC70 0.054 0.1 0.067 0.042 0.021 0.016 0.01$ 0.014 0.014 0.013 0.013 0.0089

1970 0.61 1.1 0.72 0.49 038 033 0.22 0.21 0.21 0.2 0.2 0.18

JAN71 0.034 0.097 0.06 0.032 0.018 0.013 0.011 0.01 0.01 0.0397 0.0092 0.0069
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Table AJ. Typical RepresentativeIndividual- Red Bone Marrow EquivalentDose
(millirem per year)

e

Lo_tioa
Year I 2 3 4 5 6 7 8 9 10 11 12

1950 0.78 0.29 1. I 0.87 0.83 0.8 0.77 0.75 0.74 0.72 0.7 0.61

1951 0.62 0.25 0.86 0.7 0.66 0.62 0.6 0.39 0.58 0.56 0.54 0.46

1952 0.77 0.25 1.1 0.87 0.8 0.75 0.73 0.7 0.69 0.66 0.63 0.55

1953 0.93 0.27 1.3 ! 0.88 0.82 0.79 0.75 0.74 0,71 0,68 0,51

1954 1.2 0.46 i.7 1.3 1.1 1.1 1.1 1 I 1 I 0,86

1955 1.$ 0.58 2 1,6 ,i .3 1.3 1.3 1.3 i .3 1.2 1.2 1

1956 1.7 0.73 2.2 1.7 1,4 1.4 1.4 1.3 1.3 1.3 1.3 !. 1

1957 2.3 0.81 2.9 2.1 1.7 1,6 1.6 1.5 1.5 1.5 1.4 ! .2

1958 2.5 0.88 3.1 2.2 1.7 1.7 1.6 1.6 1.5 1,5 1.5 1.2

1959 2.2 0.93 2.7 2.1 1.6 1.6 1.5 1.5 1.5 1.4 1.4 1.2

1960 3.3 1.3 4.1 3.1 2.3 2.3 2.2 2.1 2.1 2.1 2 1,7

1961 3 1 3.9 2.9 2.4 2.3 2.3 2.2 2.2 2.1 2.1 1.7

1962 3.2 !.3 4.1 3.1 2.5 2.5 2.4 2.3 2.3 2.3 2.2 2

1963 2.2 3.6 2.3 1.9 1.4 1.4 1.4 1.4 1.3 1.3 1.3 1.2

1964 2.1 3,5 2.4 1.7 1.2 1.2 i.2 1.1 1.1 1.1 1.1 0.91

196.5 1.5 2.5 1.7 1.2 0.89 0.87 0.84 0.81 0.l 0.78 0.76 0.68

1966 1.2 2.1 1.4 1 0.76 0.74 0.73 0,7 0.69 0,67 0.65 0,56

1967 1.3 2.3 i.6 1.2 0.91 0.9 0.118 0.115 0.84 0.82 0.11 0,69

1968 1 1.7 1.2 0.88 0.6.5 0.61 0.58 0.57 0.56 0.55 0.54 0.47

1969 0.66 1.1 0.8 0.61 0.4.5 0.41 0.39 0.38 0.311 0.37 0.36 0.33

1970 0.4tl 0.81 0.57 0.42 0.32 0.3 0.211 0.27 0.27 0.27 0,26 0.24

1971 0.04 0.072 0.047 0.0211 0.022 0.017 0.015 0.014 0.014 0.013 0.013 0.0091
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Table A.7. OccupationalRepresentativeIndividual- Effective Dose Equivalent
(millirem per month and millirem per year)

e

I.o_tioa
Moath/Ymr 1 2 3 4 5 6 7 8 9 10 11 12

JANSO 0.94 1.8 1.3 0.93 0.74 0.59 0.52 0.49 0.47 0.38 0.3 0.16 "
FBBSO 0.U 1.7 1.2 0.79 0.65 0.54 0.48 0.45 0.43 0.37 0.32 0.18

MAitSO 0.U 1.7 1.2 0.67 0.55 0.45 0.4 0.38 0.36 0.32 0.27 0.13
APRSO 0.62 1.3 0.87 0.48 0.4 0.33 0.29 0.28 0.27 0.25 0.21 0.14

MAYSO 0.36 0.72 0.$2 0.34 0.29 0.25 0.22 0.21 0.2 0.19 0.17 0.11
JUN50 0.16 0.31 0.23 0.17 0.15 0.13 0.12 0.12 0.11 0.11 0.095 0.072
JUL50 0.18 0.36 0.27 0.25 0.2 0.17 0.16 0.15 0.15 0.14 0.12 0.087

AUQ$0 0.4 0.8 0.59 0.51 0.41 0.33 0.3 0.29 0.27 0.25 0.21 0.12
$BP50 0.64 1.3 0.9 0.74 0.59 0.47 0.42 0.4 0.38 0.33 0.27 0.16
OCT50 0.98 1.9 1.3 0.95 0.76 0.61 0.54 0.32 0.49 0.42 0.35 0.21

NOVSO 0.99 2 1.3 0.94 0.76 0.6 0.54 0.51 0.49 0.42 0.35 0.22
DE£:50 0.98 2 1.3 0.9 0.74 0.61 0.54 0.51 0.49 0.42 0.35 0.24

1950 8 16 11 7.7 6.2 5.1 4.5 4.3 4.1 3.6 3 1.8

JANSI 0.63 1.2 0.83 0.61 0.47 0.36 0.32 0.29 0.28 0.24 0.19 0.077
FEB51 0.72 1.4 0.92 0.$9 0.45 0.35 0.3 0.28 0.26 0.23 0.19 0.093

MAR51 0.85 1.7 1.1 0.71 0.54 0.42 0.36 0.34 0.32 0.28 0.23 0.12
AP_I 0.55 1.1 0.75 0.41 0.33 0.27 0.23 0.22 0.21 0.19 0.16 0.11

MAY$1 0.2 0.4 0.29 0.2 0.17 0.15 0.13 0.13 0.12 0.11 0.1 0.074
JUNSI 0.19 0.38 0.27 0.22 0.19 0.16 0.14 0.14 0.13 0.12 0.11 0.081

JUL51 0.24 0.47 0.35 0.32 0.26 0.22 0.2 0.2 0.18 0.17 0.15 0.11
AUGSI 0.54 1.1 0.76 0.66 0.51 0.4 0.35 0.34 0.32 0.28 0.23 0.14

SBPSI 0.88 1.7 1.2 1 0.8 0.63 0.56 0.54 0.51 0.43 0.35 0.21
oc'r51 0.83 1.6 1.1 0.84 0.66 0.52 0.46 0.44 0.42 0.36 0.29 o. 16

NOVSI 0.93 1.8 1.3 0.91 0.73 0.58 0.51 0.48 0.46 0.39 0.32 0.16
DEC$1 0.89 1.7 1.2 0.81 0.64 0.5 0.44 0.42 0.4 0.34 0.27 0.11

1951 7.5 15 10 7.3 5.7 4.6 4 3.8 3.6 3.1 2.6 1.4

JAN52 0.91 1.8 1.3 0.94 0.75 0.58 0.52 0.49 0.47 0.39 0.32 0.14
lrlB52 0.82 1.6 1.1 0.68 0.52 0.4 0.35 0.33 0.31 0.26 0.21 0.092
MAIU2 0.89 1.7 1.2 0.77 0.6 0.46 0.4 0.38 0.36 0.31 0.25 0.13

APR52 0.8 1.6 1.1 0.42 0.33 0.26 0.22 0.21 0.2 0.18 0.15 0.093

MAY$2 0.31 0.61 0.45 0.25 0.2 0.17 0.15 0.15 0.14 0.13 0.11 0.079
JUN52 0.22 0.43 0.32 0.23 0.18 0.13 0.13 0.13 0.12 0.I1 0.098 0.069

JUL52 0.37 0.73 0.53 0.44 0.34 0.27 0.24 0.23 0.22 0.2 0.16 0.11
AUG52 0.$7 1.1 0.79 0.66 0.5 0.37 0.32 0.31 0.29 0.25 0.2 0.12
$BP52 1.1 2 1.4 1 0.74 0.54 0.46 0.43 0.41 0.32 0.25 0.14

OCT52 1.5 2.8 1.9 1.4 1 0.77 0.65 0.62 0.59 0.46 0.36 0.2
NOV52 1.3 2.5 1.7 1.3 0.97 0.73 0.62 0.59 0.56 0.45 0.35 0.27

DB_2 1.7 3.3 2.3 1.7 1.2 0.94 0.81 0.76 0.72 0.57 ' 0.44 0.26 "

1952 10 20 14 9.8 7.4 5.7 4.9 4.6 4.4 3.6 2.9 1.7

JAN53 1.8 3.4 2.1 1.2 0.94 0.7 0.59 0.53 0.5 0.4 0.3 0.081

1_B53 1.3 2.4 1.6 1 0:_ 0.59 0.51 0.47 0.44 0.37 0.3 0.12
MAR53 1.3 2.$ 1.7 1.1 0.84 0.63 0.53 0.5 0.47 0.4 0.32 0.16

Alq_3 0.96 1.9 1.3 0.76 0.56 0.42 0.35 0.33 0.31 0.26 0.21 0.11
MAY53 0.92 1.8 1.2 0.68 0.32 0.4 0.33 0.32 0.3 0.27 0.22 0.12
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Table A.7. (contd)

' Lo,m_
Month/Ymr 1 2 3 4 5 6 7 8 9 10 11 12

,, JUN$3 0.26 0.52 0.37 0.26 0.21 0,17 0.15 0.15 0.14 0.12 0.11 0.074

,IUL53 0.36 0.71 0.52 0.43 0.33 0.26 0.23 0.23 0.21 0.19 0,16 0.11

AUO$3 0.91 1,8 1.3 1.1 0.79 0.59 0.51 0.49 0.46 0,39 0.3 0.17
$1EP53 1.2 2.3 1.6 1.3 1 0.74 0.64 0.61 0.58 0.47 0,37 0.2

OCT53 1,6 3.1 2.1 1.7 1.2 0.91 0.711 0.74 0.7 0.56 0.43 0.22
NOV53 1.9 3.4 1.9 1.2 0.32 0.211 0.27 0.25 0.25 0.22 0.2 0.13
D1_53 2.1 3.6 1.9 1.1 0.3 0.27 0.25 0.23 0.23 0.21 0.19 0.084

1953 14 27 18 12 7.8 6 5.1 4.9 4.6 3.9 3.1 1.6

JAN54 1.7 3.1 1.8 1.1 0.35 0.32 0.3 0.28 0.27 0.25 0.22. 0.097

FBB.q4 1.7 3.1 1.7 0.94 0.38 0.35 0.33 0.3 0.3 0.28 0.26 0.14
MAR54 1.7 3 1.8 1 0.39 0.36 0.33 0.31 0.31 0.28 0.26 0.18

1.8 3.2 1.8 0.8 0.36 0.33 0.3 0.29 0.28 0.26 0.24 0.17
MAY54 0.71 1.4 0.92 0.53 0.29 0.26 0.24 0.24 0.23 0.22 0.19 0.15

JUN54 0.38 0.75 0,54 0.43 0.26 0.23 0.21 0.21 0.2 0.18 0.17 0.13
JUL54 0.41 0.8 0.58 0.51 0.28 0.24 0.22 0.21 0.2 0,19 0.17 0.13

AUO54 0.8 1.5 1 0.85 0.35 0.3 0.28 0.27 0.27 0.25 0.22 0.17
$EP54 1.2 2.2 i.4 1.1 0.38 0.34 0.33 0.31 0.31 0.29 0.26 0.2

OCT54 1.7 3.1 1.8 1.2 0.42 0.39 0.37 0.35 0.35 0.32 0.3 0.23
NOV54 1.5 2.8 1.6 1.1 0.39 0.37 0.35 0.34 0.33 0.31 0.29 0.22

DEC54 1.7 3.1 1.8 1.2 0.4 0.37 0.35 0.34 0.33 0.31 0.29 0.2
1954 15 721 17 11 4.2 3.9 3.6 3.4 3.4 3.1 2.9 2

JAN.q$ 1.8 3.2 1.9 1.2 0.34 0.31 0.29 0.27 0.27 0.24 0.22 0.12

IE_155 1.2 2.2 1.3 0.U 0.32 0.3 0.29 0.27 0.27 0.26 0.24 0.17
MAil55 2 3.7 2.2 1.5 0.411 0.44 0.41 0.4 0.39 0.36 0.33 0.21

AlqtS$ 1.9 3.$ 2.1 1.1 0.42 0.38 0.36 0.35 0.34 0.32 0.3 0.19
MAYS$ 1.8 3.3 • 2.1 0.93 0.46 0.41 0.38 0.37 0.36 0.34 0.3 ! 0.22
JUN$$ 0.56 1.1 0.8 0.56 0.34 0.31 0.28 0.28 0.27 0.25 0.23 0.18

JUleS 0.$2 1 0.73 0.63 0.31 0.26 0.24 0.23 0.22 0.21 0.18 0.14
AUO$5 1.1 2 1.3 1.1 0.38 0.33 0.31 0.3 0.29 0.27 0.24 0.18

31P55 1.6 2.9 1.7 1.2 0.38 0.35 0.33 0.32 0.32 0.3 0.27 0,22
OCT$5 2.3 4.1 2.4 1.5 0.51 0.47 0.46 0.43 0.43 0,4 0.37 0.25

NOV$5 2.3 4.1 2.3 1.$ 0.54 0.51 0.49 0.46 0.43 0.43 0.4 0.25
Dlr_$ 2.8 5.1 2.7 1.$ 0.$7 0.53 0.49 0.46 0.45 0.42 0.38 0.18

1955 20 36 22 13 $. 1 4.6 4.3 4.1 4 3.8 3.5 2.3

JAN56 2.1 3.7 2.1 1.2 0.42 0.311 0.35 0.32 0.31 0.28 0.25 0.11

1_B56 1.9 3.6 2.1 1.3 0.$1 0.47 0.45 0.42 0.41 0.39 0.36 0.24

, MAIR56 2.$ 4.5 2.4 1.2 0.53 0.49 0.46 0.43 0.42 0.4 0.37 0.24
APR56 1.2 2.2 1.4 0.78 0.4 0.35 0.32 0.31 0.3 0.28 0.26 0.2
MAY56 0.59 1.2 0.82 0.53 0.32 0.28 0.25 0.25 0.23 0,22 0.2 0.15

JUN56 0.53 1 0.72 0.55 0.32 0.28 0.25 0.24 0.23 0.22 0.19 0.15
JUL56 0.91 1.8 1.2 1 0.43 0.36 0.33 0.33 0.31 0.29 0.26 0.2

AUO56 1.8 3.4 2.1 1.5 0.51 0.46 0.43 0.42 0.41 0.38 0.35 0.27
$EP56 2.4 4.3 2.5 1.6 0.54 0.5 0.,18 0.46 0.45 0.42 0.39 0.32

OCT56 2 3.6 2 1.2 0.44 0.41 0.4 0.38 0.38 0.36 0.34 0,28
NOV56 2.4 4.2 2.4 1.4 0.45 0.42 0.4 0.38 0.37 0.35 0.32 0.22
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Table A.7. (contd)

t,,oe,em
Momh/Ymur 1 2 3 4 $ 6 7 8 9 10 11 12

DISCS6 3.1 5.5 2.9 1.6 0.48 0.44 0.42 0.39 0,38 0.35 0.32 0.2
1956 21 39 23 14 5.4 4.9 4.5 4.3 4.2 3.9 3.6 2.6 •

JAN$7 2.8 5.1 2.9 1.8 0.43 0.38 0.35 0.33 0.32 0.29 0.26 0.15

pml.57 2.9 5.2 3 1.7 0.49 0.44 0.41 0,38 0.37 0.34 0.31 0.2
MAIL_7 3.9 6.7 3.4 1.3 0.41 0.36 0.33 0.29 0.27 0.24 0.22 0.13

AMI,57 3.3 $.9 3.2 1.3 0.48 0.42 0.38 0.34 0.31 0.29 0.27 0.19
MAY$7 1 1.9 1,3 0.75 0.41 0.36 0.31 0.3 0.27 0.25 0.22 0,17

JUN$7 0.71 1.4 0.95 0.68 0.32 0.27 0.23 0.22 0.2 0.18 0.16 0.12
JULS7 1.7 3.1 2.1 1.$ 0.46 0.4 0.37 0.34 0.31 0.29 0.27 0.21

AUGS7 2.7 4.9 2.9 2 0..56 0.$ 0.47 0.43 0.4 0.37 0.35 0.28
$E,_7 3.8 6.5 3.$ 2 0.61 0.57 0.54 0.49 0.46 0.43 0.41 0.34
OCT$7 4 6.8 3.6 2 0.6?, 0.59 0.56 0.51 0.49 0.47 0.45 0.37
NOV$7 4.3 7.2 3.8 2.1 0.66 0.62 0.6 0.,55 0.52 0.5 0.49 0.38

DEC$7 $ 8.6 4.5 2.4 0.73 0.69 0.65 0.39 0.36 0.54 0.52 0.32
1957 36 63 35 19 6.2 .5.6 5.2 4.8 4.5 4.2 3,9 2.9

JA,q$8 4.9 8,1 4.2 2.1 0.45 0.4 0.37 0.31 0.28 0.25 0.23 0.098
F'B_8 4 7 3.7 1.7 0.$6 0.$1 0.46 0.4 0.38 0.36 0.33 _. 19

MAIU8 3.2 5.6 3.2 1.7 0.48 0.42 0.39 0.34 0.32 0.29 0.27 0.19

APl_8 2.9 5.3 3.1 1,$" 0.$8 0.52 0,47 0.43 0,41 0.38 0.36 rJ.26 I
MAY58 1.6 2.9 1.9 1 0.47 0.41 0.36 0.34 0.31 0.29 0.26 0.21 i
/UN$8 1 1.9 1.3 0.97 0.39 0.32 0.27 0.25 0,23 0.2 O.17 0.12

JULY8 1.9 3.4 2.2 1.6 0.4,5 0.38 0.35 0.,32 0.2_ 0.26 0.24 0.18
AUG$8 2.9 5.2 3 2 0.5 0.45 0.42 0.38 0.35 0.33 0.31 0.25

$1_PS8 3.7 6.1 3.2 1.8 0.37 0.34 0.32 0.29 0.27 0.26 0.24 0.21
OC'_8 4.4 7.5 4 2.3 0.61 0.57 0.54 0.48 0.45 0.42 0.4 0.3
NOV$8 4.1 7 3.6 1.8 0.56 0.52 0.49 0.4.5 0.43 0.4 0.39 0.27

DEC.58 4..5 7.8 4 2 0..56 0.$1 0.48 0.43 0.4 0.37 0.35 0.24
1958 39 68 38 21 6 .5.3 4.9 4.4 4.1 3.8 3.5 2.5

IANS9 3.2 .5.4 2.8 1.4 0.31 0.27 0.25 0.22 0.2 0.18 0.16 0.08.5
FEa,_ 3 .5.3 2.9 1.7 0.48 0.43 0.4 0.36 0.33 0,3 0.28 0.17

MAILS9 3..5 6.1 3..5 2 0..53 0.47 0.43 0.39 0.37 0.34 0.32 0.24
A-u_9 3.1 .5.4 3.2 1,7 0.48 0.41 0.37 0.34 0.32 0.3 0.28 0.21
MAY.59 1.$ 2.8 1.9 1.3 0.47 0.38 0.33 0.31 0.28 0.25 0.22 0.16

|UN$9 0.91 1.7 1.2 0.87 0.4 0.33 0.27 0.26 0.23 0.2 0.17 0.12
JUL59 1 2 1.4 1.2 0.41 0.33 0.29 0.27 0.24 0.22 0.19 0.14

AUG$9 3 .5.1 3.1 2.1 0.38 0.31 0.29 0.26 0.24 0.22 0.2 0.16
SIEP_ 2.7 4.8 2.9 1.9 0..53 0.48 0.46 0.42 0.4 0.38 0.37 0.31

OCT.59 2.3 4 2.4 1..5 0.39 0.34 0.32 0.29 0.27 0.26 0.24 0.2 .

NOV.59 3.4 .5.9 3.4 2.1 0..57 0..51 0.48 0.4.5 0.42 0.39 0.37 0.29
DEC.59 4..5 7.9 4.2 2.$ 0.69 0.63 0.6 0.$.5 0..52 0.5 0.47 0.37

1959 32 $7 33 20 5.6 4.9 4.5 4.1 3.8 3.$ 3.3 2.5

,IAN60 6.2 11 5.7 3.3 1.1 0.99 0.94 0.86 0.81 0.77 0.72 0.48

FEB60 .5.2 8.7 4.$ 2.3 0.6 0.,57 0.55 0..51 0.$ 0.49 0.48 0,35
MAR(g) 7 12 5.7 2.3 0.6 0,$$ 0..51 0.46 0.43 0.41 0.39 0.25
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• A.7. (coned)
b

Moath/Yeer 1 2 3 4 $ 6 7 8 9 10 I i 12

" All60 3.6 6.4 4 2.4 0.72 0.58 0.51 0.47 0.43 0.39 0.36 0.25
MAY60 2.8 $ 3.3 1.9 0.64 0.53 0.47 0.43 0.4 0.37 0.33 0.25

_rlq60 1.3 2.5 1.8 1.3 0.52 0.43 0.37 0.35 0.32 0.29 0.26 0.2
1.4 2.6 1.8 1.5 0.53 0.43 0.39 0.36 0.33 0.31 0.28 0.23

AU(MO 3.4 $.8 3.4 2.3 0.43 0.36 0.33 0.3 0.28 0.26 0.24 0.19

8ms60 $ 8.5 4.4 2.4 0.52 0.441 0.46 0.42 0.4 0.37 0.35 0.29
OCT60 4.8 8 4 2.2 0.54 0.$1 0.49 0.45 0.43 0.41 0.4 0.34
NOV60 8.2 13 6.5 3.2 0.61 0.56 0.54 0.441 0.46 0.44 0.42 0.28

DBC60 6.7 11 $.5 2.8 0.711 0.73 0.7 0.63 0.6 0.56 0.53 0.34
1960 56 94 Sl 28 7.5 6.7 6.3 $,7 5.4 5.1 4.8 3.4

JAN61 8.3 14 6.8 3,4 0,87 0.8 0.75 0.67 0.63 0.58 0.53 0.3 I
F1SB61 3.9 7 3.9 2.1 0.72 0.66 0.63 0..57 0.55 0.$2 0.5 0.33

MAR61 5.7 9.9 $3 3 0.88 0.81 0.76 0.7 0.66 0.62 0.39 0.37
APR61 4.2 7.3 4.4 2.$ 0.94 0.87 0.82 0.77 0.75 0.72 0.69 0.56

MAY61 2.3 4.3 2.7 1.7 0.6] 0.55 0.3 0.47 0.44 0.42 0.4 0.34
/UN61 0.92 1.7 1.2 1 0.$ 0.42 0.36 0.34 0.31 0.29 0.25 0.19
JUI.61 1.7 3.1 2 1.3 0.33 0.27 0.24 0.22 0.2 0.18 0.16 0.14

AUQ61 2.5 4.4 2..5 1.7 0.48 0.45 0.43 0.4 0.38 0.36 0.35 0.28

SBP61 2.2 3.8 2.1 1.3 0.51 0.49 0.48 0.44 0.43 0.42 0.41 0.37
OCT61 3.4 $.6 2.7 1.4 0.44 0.43 0.42 0.39 0.38 0.37 0.36 0.34
NOV61 3.9 6.3 3.1 1.6 0.49 0.47 0.45 0.41 0.4 0.38 0.36 0.26

DBC61 4.3 6.1 3 1.4 0.39 0.37 0.36 0.33 0.33 0.32 0.32 0.21
1961 43 74 40 73 7.2 6.6 6.2 5.7 5.5 .q.2 4.9 3.7

JAN62 4.4 7.2 3.5 1,8 0.53 0.49 0.47 0.43 0.41 0.38 0.36 0.2,5

PISB62 3.9 6.6 3.3 1.7 0.5 0.48 0.46 0.42 0.42 0.4 0.39 0,33
MAR62 S.8 9.5 4.5 2 0.6 0.58 0.5.5 0.5 0.48 0.46 0.44 0.3

APR62 5.5 9.5 5.2 2.3 0.81 0.73 0.67 0.62 0.$9 0,55 0.54 0.43
MAY62 2.5 4.6 3 1.7 0.64 0.54 0.48 0.45 0.42 0.39 0.36 0.29

/UN62 1.6 3.1 2.1 1.5 0.58 0.47 0.42 0.39 0.36 0.33 0.3 0.23
JUI,,62 1.8 3.3 2.2 1.7 0.61 0.54 0.5 0.47 0.45 0.43 0.41 0.3.5

AUO62 3 5.3 3.2 2.3 0.7 0.65 0.62 0.58 0.56 0.54 0.52 0.46
$1EP62 4.8 8.1 4.3 2.6 1 1 0.99 0.91 0.88 0.83 0.82 0.68

OCT62 3,8 6.4 3.2 1.6 0.61 0.61 0.6 0.58 0.58 0.58 0.59 0.5
NOV62 2.9 4.9 2.6 1.3 0.47 0.45 0.43 0.4 0.39 0.37 0.36 0.26

DBC62 3 5.2 2.8 1.5 0,56 0.53 0.$ 0.47 0.45 0.43 0.42 0.3
1962 43 74 40 22 7.7 7.1 6.7. 6.2 6 5.7 5.5 4.4

' JAN63 2.$ 4.2 2.2 1.2 0.29 0.27 0.25 0.23 0.22 0.2 0.19 0.14
F'BB6] 2.6 4.4 2.3 1.1 '0.33 0.3 0.28 0.25 0.24 0.23 0.22 0.16

MAR63 4.$ . 7.6 3.8 1.8 0.32 0.28 0.26 0.23 0.22 0,2 0.19 0.14

• APR6] 4 7 3.8 2 0.42 0.37 0.34 0.31 0.29 0,27 O.25 O.17
MAY63 1.7 3.1 1.9 0.93 0.3 0.25 0.22 0.21 0.19 0.18 0.16 0.12
flJN63 1 1.9 1.3 0.89 0.31 0.24 0.21 O.19 O.17 O.15 O.12 0.086

JUL6] 1.4 2.5 1.6 1.2 0.29 0.22 0.19 0.17 0.15 0.13 0.11 0,082
AUO63 2.3 3.9 2.2 1.5 0.24 0.2 0.19 0.17 0.15 0.14 0.13 0,099

SBP63 3.3 5.4 2.7 1.4 0.21 0.19 0.18 0.16 0.15 0.14 O.13 0.11
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TaldeA.'7.(cored)

I.,uee6om

_eet' 1 2 3 4 $ 6 7 8 9 10 11 12

oc'r63 3.4 s.5 2.7 1.4 0.26 0.24 0.23 0.2 o.18 o.17 o,16 o.14
NOV63 3.8 6.1 2.7 1.3 0.27 0.2.5 0.24 0.21 0.2 0.19 0.18 0.19

DISC63 4.5 7.3 3.3 1.5 0.26 00,4 0.23 0.2 0.19 0.18 0.17 0.12
1963 35 59 31 16 3.5 3.1 2.8 2.5 2.3 2.2 2 1.6

JAN64 4.6 7.2 3.2 1.4 00,3 0,21 0.19 0.17 0.15 0.14 0.12 0.042
PLUM4 3.1 $.3 2.7 1.4 0.32 0.29 0.27 0.2.5 0.23 0.22 0.2 0.14

MAR64 4.1 6.8 3.2 1.$ 0.35 0.33 0.31 0.28 0.26 0.2.5 0.23 0.16
AIPSt64 4.3 7 3.4 1.3 0.38 0.34 0.32 0.29 0.28 0.26 0.25 0.19
IMIAYIM 2.9 $.2 3.1 I.$ 0.44) 0,41 0.36 0.34 0.31 0.28 0.25 O.19

JIJN64 I.1 2 1.4 0.91 0.43 0.3.5 0.29 0.27 0.24 0.21 0.17 0.12
JUL,64 1.2 2.1 1.4 1.1 0.34 0.2.5 0.21 0.19 0.16 0.14 0.12 0.074

AU064 2.2 3.8 2.3 1.5 0.28 0.23 0.21 0.19 0.17 0.16 0.15 0.11
_JlEIM4 3.2 $.3 2.7 1.4 0.29 0.26 0.2.5 0.23 0.22 0.2 0.19 0.18

OCF64 2.4 4.1 2.2 1.3 0.23 0.2 0.19 0.17 0.16 0.16 0.1S 0.13
NOV64 4.1 6.7 3.3 1.7 0.28 0.2.5 0.24 0.22 0.2 0.18 0.16 0.11

DIEIC64 4.5 7.3 3.3 1.4 0.27 0.24 0.22 0.19 0.18 0.17 0. i6 0.086
1964 38 63 32 16 3.9 3.4 3.1 2.8 2.6 2.4 2.2 1.5

JAN65 3.1 5.2 2.5 1.1 0.26 0.23 0.21 0.18 0.16 0.15 0.14 0.069
2.3 4.1 2.1 0.92 0.26 0.22 0.19 0.17 0.16 0.1.5 0.14 0. i

MARJ 2.9 5 2.6 1.2 0.32 0.28 0.2.5 0.23 0.22 0.2 0.19 0.15

APR_ 2.6 4.5 2.5 1.1 0.33 0..28 0.2S 0.23 0.22 0.2 0.19 0.16
MAY6,5 1.2 2.2 1.5 0.86 0.34 0.27 0.23 0.22 0.2 0.18 0.1.5 0.11
JUN415 0.88 1.7 1.1 0.73 0.31 0.26 0.21 0.2 0.17 0.16 0.13 0.093
flJL6.5 0.91 1.7 1.1 0.79 0.23 0.18 0.15 0,14 0.12 0.11 O.Og6 0.07

AUO6.5 1.4 2.4 1.5 0.9g 0.19 0.16 0.14 0.13 0.11 0.1 0.094 0.074
$EP6.5 2.1 3.6 1.8 0.95 0.17 0.15 0.14 0.13 0.12 0.11 0.1 0.08

2.9 4.7 2.2 1 O.17 O.1.5 O.14 O.12 O.11 O.1 0.097 0.078
NOV6.5 2.4 4 2 0.99 0.17 0.1.5 0.14 0.13 0.12 0.11 0.099 0.075

DBC6.5 2.6 4.3 2.1 1.1 0.2 0.18 0.17 0.1.5 0.14 0.13 0.12 0.09
196S 2.5 43 23 12 3 2.5 2.2 2 1.9 1.7 1.5 1.1

JAN66 2.5 4 1.8 0.83 0.13 0.12 0.11 0.1 0.091 0.083 0.074 0.042

FmMM 2 3.4 1.7 0.89 0.1.5 0.13 0.12 0.11 0.11 0.1 0.096 0.073

2,.5 4.2 2.1 1 0.19 0.17 0.1.5 0.14 0.13 0.12 0.11 0.075
APR66 2.3 3.8 1.9 0.79 0.19 0.17 0.1.5 0.14 0.13 0.13 0.12 0.089

MAY66 1.3 2.3 1.4 0.88 0.25 0.2 0.17 0.16 0.14 0.13 0.12 0.09

JUN66 0.71 1.3 0.91 0,7 0.21 0.16 0.13 0.12 0.1 0.0gl 0.075 0.033
JUL66 0.27 0.5 0.33 0.27 0.065 0.048 0.041 0.037 0.032 0.028 0.024 0.019

AUO66 0.6S 1.1 0.61 0.38 0.04 0.033 0.03 0.026 0.023 0.021 0.02 0.015
9BP(M 2..5 4.2 2 1.1 0.18 0.16 0.16 0.14 0.13 0.12 0.11 0.089

OCT66 2.3 3.8 1.8 0.97 0.25 0.24 0.23 0.21 0.2 0.19 0.19 0.17
NOV66 2.2 3.6 1.7 0.85 0.2 0.19 0.19 0.18 0.17 0.17 0.16 0.13 "

DEC66 2.6 4.3 2 1 0.21 0.2 0.19 0.17 0.16 0.16 0.15 0.097
1966 22 36 18 9.7 2.1 1.8 1.7 1.5 1.4 1.3 1.3 0.94

JAN67 2.5 4.1 2 0.99 0.21 0.19 0.18 0.16 0.15 0,14 0.13 0.069
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Table A.7. (contd)

Loem_

Moath/Ymur 1 2 3 4 S 6 7 8 9 10 I I 12

FiIB07 2.3 3.1 1.8 0.92 0.23 0.2i 0.2 0.19 0.11 0.18 0.17 0.12

MAR67 2.1 3.6 1.9 I. 1 0.28 0.26 0.2.5 003 0.22 0.21 0.2 0.16
AFR67 2.5 4,3 2.3 1.2 0.31 0.29 0.27 0.25 0.24 0.23 0,22 0.18

MAY67 1.9 3,4 1.8 0.8.5 0.27 0.23 0.21 0.2 0.18 0.17 0.16 0,14
;UN67 0,53 1 0.7 0..51 00,6 0,22 0,18 0.17 0.16 0.14 0.12 0.084

fl,P.,.67 0.7 1.3 0.89 0.71 0.24 0.19 0,17 0.15 0.14 0,12 0.11 0,082
AU(267 1,4 2.5 1.5 1 0.2 0.17 0.16 0.14 0.13 0.12 0.12 0.097

8111J67 1.9 3.2 1.6 0,g9 0.22 0,2 0.19 0.18 0.17 0.16 0,18 0.13
OC'767 2 3.3 1.7 0.87 0.19 0.17 0.17 0.18 0.1.5 0,14 0.13 0,11
NOV67 1.8 3.1 1.6 0.8 0.17 O.16 0.15 0.14 0.13 O,12 0.12 0.089

DlIC_67 1.8 3.1 1.6 0.91 0.19 0.17 0.16 0.15 0.14 0.13 0.12 0.088
1967 21 37 19 i I 2.8 2.5 2.3 2,1 2 1,9 1.7 i .3

JAN68 1.8 3 1.4 0.7.5 0.12 0.1 0.096 0.01_ 0.077 0.07 0,063 0.036

FKB68 2.2 3.7 1.7 0.77 0.17 0.18 0,14 0.12 0.12 0.11 0.099 0.067
MAR68 1.7 3 1.6 0.91 0.21 0.18 0.17 0.15 , 0.14 0.13 0.12 0.086

APR68 1.7 2.9 1.6 0.86 0,2 0.13 0.11 0.11 0.11 0.11 0.1 0.093
MAY61I 1.4 2.4 1.4 0.72 0.2 0.12 0.11 0.1 0.1 0.099 0.096 0.084

JUN68 0.48 0.9 0.61 0.42 0.i5 0.071 0.053 0.05 0,048 0.046 0,044 0.039
JLrL,68 0.46 0.84 0.56 0.44 0,12 0.056 0.043 0.04 0,039 0.037 0.035 0.031

AUO68 1.1 2 !.2 0.75 0.1.5 0.0t.5 0.071 0.067 0.065 0.063 0.06 0.0.51
$1lN8 1.2 2.1 1.1 0.67 0.13 0.016 0.078 0.07.5 0.074 0.072 0.071 0.064
OC768 1.5 2.6 1.3 0.68 0.12 0.073 0.065 0.061 0.06 0.059 0.058 0.047

NOV68 1.5 2.5 1.2 0.62 0.12 0.001 0.073 0.068 0,066 0.064 0,061 0.041
DliCG8 1.3 2.3 1.2 0.66 0,12 0.079 0.068 0.06.5 0.064 0.064 0.062 0.039

1968 16 28 15 8.3 1.8 1.2 1,1 1 0.96 0.92 0.87 0.68

IAN69 1.1 1.9 1 0..53 0,1 0.054 0,043 0.04 0.031 0.037 0.034 0.023

FKB6g 0,g2 1.6 0.97 0..58 0.13 0.077 0,067 0.064 0.063 0.061 0.0.59 0.046
MAR69 1,3 2,3 1.3 0.64 0.16 0,1 0,084 0.079 0.077 0.07.5 0.072 0.062

APR69 0.7'7 1.4 0.89 0.52 0.18 0.092 0.071 0.067 0.065 0.063 0.06 0.0.51
MAY69 0..51 0,95 0.63 0.38 0.14 0.064 0.046 0,043 0.041 0.039 0,037 0.031
JIJN69 0.54 1 0.67 0.46 0.14 0.037 0.039 0.036 0.03.5 0.033 0.03 0.025

flJL69 0.54 0.97 0.62 0.4.5 0.1 0.048 0.037 0.035 0,034 0.033 0.031 0.027
AUO69 0.97 1,7 0.94 0.61 0.12 0,073 0.063 0.059 0.058 0.056 0.054 0.046

8111_ 1 1.7 0.8.5 0.47 0.012 0.065 0.064 0.061 0.061 0.06 0.06 0.056
OC769 0.84 1.5 0.74 0.41 0.074 0.0_ 0.05 0.047 0.046 0.046 0.044 0.039
NOV69 0.69 1.2 0.61 0.36 0.065 0.049 0.040 0.046 0.046 0.045 0.044 0.04

DIiC69 0.87 1.5 0.82 0.49 0.014 0.039 0.053 0.051 0.0.5 0.049 0.048 0.033

• 1969 10 18 10 $.9 1.4 0,79 0.67 0.63 0.61 0.6 0..57 0.48

JANTO 1.3 2.2 1.1 0..53 0.067 0.03 0.02 0.018 0.017 0.016 0.014 0.0065

P3KlJTO 0.039 0.093 0.069 0.03.5 0.014 0.014 0,014 0.01:3 0.013 0.014 0.014 0.01
" _tJl,'70 0.19 0.34 0.17 0.09 0.021 0,013 0.01 0.0094 0.0091 0.0086 0.0081 0.0063

AFR'70 0.69 1.2 0.64 0.34 0.079 0.052 0.043 0,04 0.039 0.038 0.036 0.029
MAY70 0,53 0,92 0.51 0.23 0.078 0.051 0.043 0.044 0,043 0.043 0.043 0.039

JUNT0 0.32 0..57 0.37 0.19 0.069 0.036 0.028 0.027 0.026 0.02.5 0.024 0.021
flJ1.,70 0.49 0.87 0..58 0.33 0.083 0.049 0.041 0.039 0.038 0.037 0.035 0.03 1
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Tilde A.7. (contd)

Loemlm ,
Moath/Yeer i 2 3 4 $ 6 7 8 9 10 II 12

AUO70 0.38 0.66 0..38 0.2.5 0.062 0.046 0.043 0.041 0.041 0.04 0.04 0.028
|_ 0.85 1.4 0.74 0.41 0.098 0.0_ 0.059 0.055 0.053 0.052 0.05 0.044
OCt'70 0.87 1.5 0.77 0.42 0.11 0.016 0.00 0.076 0.075 0.074 0.073 0.064
NOVTO 0.82 1.4 0.72 0.38 0.1 0.079 0.075 0.071 0.07 0.069 0.068 0.054
DBCTO 0.82 1.4 0.73 0.37 0.090 0.07S 0.069 0.06.5 0.064 0.063 0.061 0.041

1970 7.3 13 6.7 3.6 0,88 0.6 0.53 0.5 0,49 0.48 0.46 0.38

JAN71 0.7S 1.2 0.59 0.2,5 0.06.5 0.037 0.03 0.02,6 0.02.5 0.024 0.022 0.01i
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IJ

TMdeA.8. OccupmnalRepnmmtlveIndividual.RedBoneMarrowEquivalent Dose
, (mfllimmperyw)

l.oemtom

Yem. 1 2 3 4 $ 6 7 11 9 10 ii 12
_t

1959 4.8 9.6 6,6 4.6 3.8 3.2 $ 2.11 2.7 2.5 2.3 1.8

1951 4.7 9.2 6.2 4.5 3.5 2.8 2.5 2.4 2.3 2.1 1.8 1.3

1952 7 13 9.1 6.4 4,8 3.8 3.4 3.2 3,1 2.7 2.4 1.8

1953 9.7 18 12 7.8 5,4 4.3 3,8 3.6 3,4 :3 2,7 1.7

1954 10 19 11 7.1 3.1 3.6 3.5 3.3 3.3 3.2 3.1 2.4

1955 14 2.5 15 9 4.6 4.4 4.3 4.1 4 3.9 3.8 2.7

1956 15 27 16 9.6 4.8 4.6 4.4 4.2 4.1 4 3.8 2.9

1957 2'7 46 2.5 14 6.1 5.8 5.6 5.2 5.1 4.9 4.8 3.7

1958 29 51 28 16 6.5 6.1 5.8 5.4 5.2 $ 4.8 3.6 !

1959 27 48 28 17 6.1 5,6 5.3 $ 4.8 4.6 4,4 3.5

1960 47 l0 43 24 8.6 8 7.7 7.2 6.9 6.7 6.4 4.8

1961 38 65 36 21 8.9 8.5 8.2 7.6 7.4 7.1 6.9 $.3

1962 38 66 36 20 8.9 8.4 8.1 7.6 7,4 7.2 '7 5.7

1963 30 50 26 14 4.1 3.8 3.6 3.3 3.2 3 2.9 2.3

1964 32 53 27 14 4.3 4 3.7 3.$ 3.3 3.2 3 2.3

196.5 22 37 20 10 3.3 3 2.8 2.6 2.5 2.3 2.2 1.8

1966 19 32 16 8.9 2.6 2.5 2.3 2.2 2.1 2 1.9 1.5

1967 19 32 17 9.9 3.4 3.2 3 2.9 2.8 2.6 2.5 2

1968 14 2.5 13 7.4 2.3 1.8 1.7 1.6 1.6 1.5 1.5 1.1

1969 8.8 I$ 8.8 5.3 1.6 1.2 I 0.97 0.96 0.93 0.9 0.76

, 1970 6.3 11 $.7 3.1 I 0.81 0.74 0.69 0.68 0.67 0.6.5 0.53

1971 0.64 1 0.5 0.22 0,079 0.054 0.044 0.039 0.038 0.035 0.032 0.017

w
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Is

Tsdde A.9. OccupationalRepmentatt#e Individual-Lower Lm'je Intestine EquivalentDose

(mi{liremperyear)

Yem' 1 2 3 4 $ 6 7 8 9 10 11 12
D

1950 44 90 64 45 38 32 28 27 2.5 22 17 8.2

1951 37 75 54 40 34 28 2.5 24 23 19 16 7.2

1952 40 99 72 52 43 35 30 29 2'7 23 Im 8

1953 66 130 91 63 44 35 31 29 211 24 18 '7.8

1954 69 130 87 57 21 18 16 16 15 13 11 6.4

1955 83 160 100 68 24 20 18 18 17 15 13 6.7

1956 86 170 110 68 24 21 19 18 17 15 113 7.5

1957 130 250 150 91 28 24 21 19 17 15 13 7.4

1958 !30 2.50 150 91 27 23 20 17 15 13 l I 6.6

1959 77 150 93 61 21 18 16 15 113 12 10 6.4

19¢J0 120 230 140 86 26 22 20 18 16 14 12 7.6

1961 94 170 100 6.5 21 18 17 15 13 12 11 7.1

lgm 82 150 93 56 21 1| 17 IS 14 13 12 8.1

1963 71 130 79 48 14 12 11 9.3 8.1 7.1 6.2 13.9

1964 80 150 88 50 15 13 12 I0 9.1 8 6.9 4.2

196.5 55 i00 61 35 12 9.9 8.9 7.9 7 6.13 5.4 3.$

1966 38 69 40 24 6.5 5.6 $.1 4.5 4 3.6 3.2 2.1

1967 41 76 45 28 9 7.9 7.2 6.4 .5.7 .5.2 4.$ 3

19158 33 62 37 23 7.2 4.2 3.3 3 2.7 2.5 2.2 1.5

1969 20 37 23 15 4.9 2.4 1.7 1.6 1.5 1.4 1.3 I

1970 15 29 18 11 3.2 1.$ 1.1 0.99 0.94 0.9 0.85 0.65
't

1971 1.7 3.1 1.7 0.81 0.24 0.093 0.06 0.0;52 0.049 0.045 0.04 0.019

.e
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